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Abstract
The understanding of the electrical properties of defects introducing deep levels in silicon
is of prime technological importance in modern microelectronics. In this thesis, a compre-
hensive study of the transition metals titanium, cobalt, and nickel in silicon, and of their
interaction with hydrogen is presented. The formed defects are detected and characterized
by deep level transient spectroscopy (DLTS), Laplace DLTS, and minority carrier transient
spectroscopy.
A natural starting point for a study of metal-hydrogen reactions in silicon is the analysis
of the eﬀect of hydrogen on metal-free silicon. Complexes of hydrogen with carbon, which
create deep levels in the band gap of silicon, are observed.
Titanium introduces three levels into the band gap. The charge states determined in this
thesis are in contradiction to the literature, questioning the assignment of these levels. Upon
hydrogenation, TiH complexes with one, two, and three hydrogen atoms are identiﬁed. A
proposition by theory that two diﬀerent conﬁgurations of TiH with one hydrogen atom exist,
can be supported.
Cobalt is shown to have only one level in the band gap of silicon, whereas a second level
previously attributed to cobalt is assigned to the cobalt-boron pair. Two CoH complexes are
determined.
Nickel has three levels in the band gap. Upon hydrogenation, complexes with up to three
hydrogen atoms are identiﬁed. One of the defects can be observed in both n- and p-type
silicon.
For all three metals investigated, passive hydrogen complexes exist. They are created
by further hydrogenation after the appearance of the above mentioned electrically active
complexes. The thesis concludes with a comparison of the obtained results with those of
neighboring elements to look for similarities and patterns.
Kurzfassung
Das Verständnis der elektrischen Eigenschaften von Defekten, welche tiefe Niveaus in
der Bandlücke von Silizium erzeugen, ist von außerordentlichem Interesse für die moder-
ne Mikroelektronik. In der vorliegenden Dissertation wird eine umfassende Untersuchung
der Übergangsmetalle Titan, Kobalt und Nickel in Silizium und ihrer Wechselwirkung mit
Wasserstoﬀ vorgestellt. Die entstandenen Defekte werden mit Hilfe von Kapazitätstransi-
entenspektroskopie (DLTS - deep level transient spectroscopy), Laplace DLTS und Minori-
tätsladungsträgertransientenspektroskopie (MCTS - minority carrier transient spectroscopy)
beobachtet und charakterisiert.
Für eine fehlerfreie Analyse der Metall-Wasserstoﬀ-Reaktionen ist es sinnvoll, zuerst den
Einﬂuss des Wasserstoﬀs auf metallfreies Silizium zu prüfen. Dabei wird die Bildung von
Kohlenstoﬀ-Wasserstoﬀ-Komplexen, welche Niveaus in der Bandlücke von Silizium erzeugen,
beobachtet.
Titan besitzt drei Niveaus in der Bandlücke von Silizium. Die in dieser Arbeit bestimmten
Ladungszustände stehen im Widerspruch zu den Literaturangaben, daher wird die Zuord-
nung dieser Niveaus in Frage gestellt. Die Reaktion von Titan mit Wasserstoﬀ führt zu
elektrisch aktiven Komplexen mit bis zu drei Wasserstoﬀatomen. Die Ergebnisse unterstüt-
zen einen Vorschlag aus der Theorie, nach dem der Komplex mit einem Wasserstoﬀ zwei
verschiedene Konﬁgurationen besitzen soll.
Kobalt erzeugt ein Niveau in der Bandlücke. Ein weiteres Niveau, welches früher ebenfalls
dem Kobalt zugewiesen wurde, kann dem Kobalt-Bor-Paar zugeordnet werden. Nach der
Reaktion mit Wasserstoﬀ können zwei CoH-Komplexe nachgewiesen werden.
Nickel besitzt drei Niveaus in der Bandlücke und erzeugt elektrisch aktive NiH-Komplexe
mit bis zu drei Wasserstoﬀatomen. Einer dieser Defekte kann sowohl im n- als auch im p-Typ
Silizium beobachtet werden.
Alle drei untersuchten Metalle besitzen elektrisch passive Komplexe, welche nach der wei-
teren Reaktion von Wasserstoﬀ mit den aktiven Komplexen entstehen. Die Arbeit endet mit
einem Vergleich der Ergebnisse mit denen benachbarter Elemente, um mögliche Ähnlichkei-
ten oder Muster zu erkennen.
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Chapter 1
Introduction
High-purity silicon is an important resource in our modern world. Products based on silicon
permeate our daily life, from integrated circuits in desktop computers, laptops, and mobile
devices, to sensors in our cars, homes, and industrial production facilities, to photovoltaic
systems on our roofs. Since the beginning of mass production of integrated circuits in the
1970s, research on the properties of defects in silicon has been a key to the evolution of
present-day applications.
Electrically active defects which create deep levels in the electronic band gap of silicon
fundamentally inﬂuence device performance. These defects can increase the recombination
activity of electron-hole pairs and reduce minority carrier lifetimes. This eﬀects, for example,
a reduction of solar cell eﬃciencies [1] and an increase in device leakage currents [2].
There are three main sources of contamination which can lead to electrically active defects:
(i) contamination of the bulk silicon crystal due to contaminated feedstock or crystal growth
equipment, (ii) contamination of the wafer surface during wafer preparation (e.g. cutting,
polishing), and (iii) contamination during device processing. The ﬁrst two contamination
pathways were tackled systematically in the 1980s and 1990s. Contamination levels of metals,
which are the main impurities in device processing, are below 1011 cm−3 in the material
used today in microelectronics.[3] Process contamination, however, is still a viable threat in
microelectronic device production.
Besides the expensive nearly metal-free silicon used for microelectronics, cheaper and less
reﬁned material is often used in the solar cell industry, so-called solar grade silicon.[48] In
contrast to microelectronic devices, defects in solar cells do not lead to a complete breakdown
of their functionality. However, the resulting decrease in eﬃciency has to be weighed against
the reduction in material cost.
Transition metals (TM) are common impurities in the silicon feedstock and are often
electrically active.[912] Among the TMs, copper, nickel, and cobalt are the three fastest
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diﬀusing species in silicon.[11] They diﬀuse in the interstitial species, but are electrically
active in the substitutional species.[12] From a technological point of view, their high diﬀu-
sivity increases the danger of contamination even at moderate temperatures and also leads
to a high likelihood of precipitation. The electrical and structural properties of copper and
its interaction with hydrogen have recently been well established.[1317] Those of cobalt
and nickel are discussed in this thesis. In contrast to copper, nickel, and cobalt, titanium
is one of the slowest diﬀusing TMs in silicon.[12] It is electrically active in the interstitial
site.[12] While the low diﬀusivity of titanium makes a contamination, for example during
processing, less likely, it is also very hard to remove by annealing processes. For example,
annealing a titanium containing silicon sample at 950 ◦C for nearly 3 h does not fully remove
the electrically active titanium (see Chap. 6).
In addition to creating deep levels in the band gap by themselves, the TMs can form
complexes with other impurities. A very common and reactive impurity in silicon is hydrogen.
Its reactivity is often actively used in industry processes. For example, antireﬂection coatings
on solar cells are used to introduce hydrogen into the top layer of the cell to passivate possible
defects.[18] However, hydrogen is also inevitably introduced into the silicon lattice by wet-
chemical etching [19, 20] and can even be found in as-grown and prepared wafers [21].
Hydrogen reacts easily with other defects, passivating surface states [2224] and shallow
donors and acceptors [25]. It reacts with the TMs, forming both electrically active and
passive TM-H complexes.[2634] Hydrogen can also activate formerly inactive defects like
carbon [21, 3538] or form other active centers [39, 40], dissolve precipitates [41], and enhance
the formation of thermal donors [42, 43]. Furthermore, hydrogen itself has electric levels in
the band gap of silicon [4446]. In high concentrations, it can form extended structures in
the lattice like platelets [39, 4749] or form H2 molecules [50, 51]. The complexity of possible
reactions of hydrogen in the silicon lattice together with its technological use warrant further
scientiﬁc investigations into the behavior of hydrogen in silicon and its reactions with other
defects.
In this work, the properties of the TMs cobalt, nickel, and titanium in silicon, and their
interaction with hydrogen are studied by deep level transient spectroscopy (DLTS) and
minority carrier transient spectroscopy (MCTS). Investigation of the complexes of these
metals with hydrogen started in the 1990s.[2934] With the access to new techniques, open
questions and inconsistencies can now be resolved. A natural starting point for this study is
to investigate which hydrogen-related defects are created in metal-free silicon samples after
hydrogenation.
This thesis is structured as follows: chapter 2 discusses the theory of deep traps in semi-
conductors. Chapter 3 contains details about the measurement techniques used, while chap-
Introduction 3
ter 4 presents the used samples and preparation techniques. In chapter 5, the results of
hydrogenation of metal-free silicon and the inﬂuence of the hydrogen isotope on the elec-
trical properties are discussed. The results on cobalt, titanium, and nickel are presented in
the chapters 7-8. Each results chapter contains an introduction into the speciﬁc topic, the
presentation of the results themselves, the discussion of these results, and a short summary.
This thesis ends by comparing the studied metals with each other and with those adjacent
in the periodic table.

Chapter 2
Theory
This chapter discusses the physics of the phenomena investigated in this thesis. It will start
with an analysis of the carrier capture and emission process of deep traps, describing how
these processes depend on temperature, carrier concentration, and intrinsic properties of the
trap. Next, the time dependence of the carrier capture and emission is considered. These
parts follows closely Chap. 7 in P. Blood and J.W. Orton The Electrical Characterization
of Semiconductors: Majority Carriers and Electron States.[52] In the third section, the
inﬂuence of an electric ﬁeld on the emission process is discussed in dependence of the charge
state of the trap. It will outline the basics of the Poole-Frenkel theory and of tunneling
processes. This chapter ends with a consideration of the penetration behavior of hydrogen
during wet-chemical etching and the subsequent formation of hydrogen complexes. A method
to determine the number of hydrogen atoms in a defect structure, as proposed by Feklisova
and Yarykin, is presented.[53]
2.1 Deep traps  capture and emission
The characteristic property of a semiconductor is the separation of two electronic bands,
the so-called conduction and valence band. At temperature T = 0 K, the valence band is
ﬁlled with electrons, whereas the conduction band is empty of electrons. The energy region
between these bands is called the band gap, in which no allowed electronic states exist. If
defects are introduced into the crystal lattice, they can create localized states which lie inside
the band gap. These are either called shallow or deep, depending on their distance to the
band edges.
Four types of interaction with the bands are possible for any deep (and shallow) level:
electron capture from the conduction band, hole capture from the valence band, electron
emission into the conduction band, and hole emission into the valence band. These inter-
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Figure 2.1: Energy diagram of a semiconductor with a deep trap in its band gap. The four possible
interactions of the trap with the bands are shown, which are electron/hole capture/emission.
actions are governed by the corresponding capture and emission rates cn, cp, en, and ep.
Here, n stands for electron processes and p for hole processes. A schematic overview of these
processes is given in Fig. 2.1. With these emission and capture rates, the time dependence
of the concentration of traps ﬁlled with electrons nt can be written as
dnt
dt
= (cn + ep)(Nt − nt)− (en + cp)nt (2.1)
with the total trap concentration Nt.
The capture process is characterized by the capture cross section σ, which is an intrinsic
property of the defect. Furthermore, it depends on the number of carriers available for
capture per unit time. For free carriers, this is the product of the concentration n (p) and
the root mean square thermal velocity 〈vn〉 (〈vp〉). The capture rate for electrons is then
cn = σn〈vn〉n (2.2a)
and for holes
cp = σp〈vp〉p. (2.2b)
To describe the emission process, the balance of emission and capture processes in thermal
equilibrium is considered, that is, Eq. 2.1 is equal to zero. The principle of detailed balance
holds, that is, both the emission and capture of electrons and of holes have to be in balance
separately. Therefore both
ennt = cn(Nt − nt) (2.3a)
and
ep(Nt − nt) = cpnt (2.3b)
have to be fulﬁlled.
Theory 7
From these equations it follows that in thermal equilibrium the occupancy of the trap is
given by
nt
Nt
=
cn
cn + en
=
ep
ep + cp
. (2.4)
Another description of the thermal equilibrium occupancy can be obtained by using the
Fermi-Dirac distribution, which yields
nt
Nt
=
{
1 +
g0
g1
exp
(
Et − EF
kT
)}−1
(2.5)
for a trap with an energy level at Et, degeneracy g0 when empty of electrons and g1 when
ﬁlled with electrons, and with the Fermi energy EF of the system. k denotes the Boltzmann
constant.
Combining equations 2.4 and 2.5 results in
en
cn
=
g0
g1
exp
(
Et − EF
kT
)
(2.6)
for the case of electron emission. Since the processes for electrons and holes are decoupled,
the equations are from here on derived for electron processes only. Analogue descriptions
are valid for the hole processes.
The carrier concentration in a non-degenerate semiconductor can be described by the
well-known equation
n = Nc exp
(
−Ec − EF
kT
)
(2.7)
with the eﬀective density of states in the conduction band Nc. Then, n is substituted in Eq.
2.2a and cn in Eq. 2.6 to derive the general formula for the emission rate
en(T ) = σn〈vn〉g0
g1
Nc exp
(
−Ec − Et
kT
)
. (2.8)
To obtain the temperature dependence of the emission process, one substitutes
Nc = 2Mc
(
2pim∗kT
h2
) 3
2
(2.9)
and
〈vn〉 =
√
3kT
m∗
(2.10)
with Mc being the number of conduction band minima, m∗ the eﬀective electron mass,
and h the Planck constant. The capture cross section can also be temperature dependent.
When the energy the electron gains during capture is dissipated by the emission of multiple
phonons, the temperature dependence takes the form
σ(T ) = σ∞ exp
(
−∆Eσ
kT
)
(2.11)
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with an energy barrier for capture ∆Eσ. For more information about the multiphonon
emission process, refer to Refs. [5457].
Including the aforementioned substitutions, the emission rate can be written as
en(T ) = γT
2σna exp
(
−Ena
kT
)
(2.12)
with the material constant γ = 2
√
3Mc(2pi)
3
2k2m∗h−3, the apparent capture cross section
σna =
g0
g1
σ∞ and the activation energy Ena = Ec − Et + ∆Eσ. For n- and p-type silicon,
γ = 7.03× 1021 1/s cm2K2 and γ = 2.64× 1021 1/s cm2K2, respectively.
Equation 2.12 is the ﬁnal result on the behavior of carrier emission from a deep trap. The
two characteristic parameters of a trap follow from this formula, namely the activation energy
Ena and the apparent capture cross section σna. Both can be determined by measurements
of the emission rate versus temperature.
It should be mentioned that the activation energy Ena determined by electrical measure-
ments with variable temperature is, thermodynamically speaking, not exactly equal to the
energy level of the trap. This is due to the fact that the size of the band gap is also tem-
perature dependent. The emission of a carrier can be interpreted as the change in chemical
potential for the formation of a free carrier and an ionized defect. Then, the activation en-
ergy can be described by the change in Gibbs free energy ∆G(T ), which is itself temperature
dependent. With the thermodynamical identity
∆G(T ) = ∆H − T∆S (2.13)
the Gibbs free energy can be described by the enthalpy H and the entropy S. Substituting
Eq. 2.13 for Ena in Eq. 2.12, the emission rate has a temperature dependence of the form
en(T ) ∝ T 2 exp
(
−∆H
kT
)
. (2.14)
Therefore, the activation energy determined by the electrical measurements is strictly speak-
ing an enthalpy. For more detailed information, see Chap. 8 of Ref. [52] and references
therein.
2.2 Deep traps  transients
The time dependence of the occupancy of a trap is given by Eq. 2.1. Solving this diﬀerential
equation with the initial concentration nt = nt(0) at t = 0 yields
nt(t) =
a
a+ b
Nt −
(
a
a+ b
Nt − nt(0)
)
exp[−(a+ b)t] (2.15)
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with the rates increasing the electron population on the deep level
a = cn + ep (2.16)
and those reducing the electron population
b = en + cp. (2.17)
The steady state at t =∞ is then
nt(∞) = a
a+ b
Nt. (2.18)
This is a similar result to Eq. 2.4, where the principle of detailed balance was additionally
considered.
Usually, one type of carriers (electrons or holes) dominates the system. These carriers
are called majority carriers. Since c ∝ n and nmin  nmaj, cmin  cmaj. Then, capture
of minority carriers can be neglected. In general, emission of minority carriers can also be
neglected, since majority carrier traps are measured in the corresponding half of the band
gap and e ∝ exp(Ec − Et).
Two speciﬁc boundary conditions will be analyzed in more detail. The ﬁrst one corre-
sponds to a pure capture process. In this situation, the initial concentration of ﬁlled traps
is zero nt(0) = 0. With the considerations from above, Eq. 2.15 becomes
nt(t) =
cn
cn + en
Nt {1− exp[−(cn + en)t]} . (2.19)
At the temperature where the emission transients are measured, the capture process is
usually much faster than the emission process. Therefore, one can often neglect the emission
rate in this equation and thus receives the simpliﬁed formula
nt(t) = Nt [1− exp(−cnt)] . (2.20)
The second boundary condition considered is nt(0) = Nt, that is, all traps are ﬁlled with
electrons. In addition, a situation is assumed in which no free carriers are available for
capture and therefore cn = 0. This is for example the case in the depletion region of a
Schottky diode. Then, the emission transient can be described as
nt(t) = Nt exp(−ent). (2.21)
2.3 Electric ﬁeld dependence
The emission of carriers from a deep trap can be also inﬂuenced by the presence of an electric
ﬁeld. The carrier is trapped in the potential of the defect, the form of which depends on
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ΔEPF
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energy
Figure 2.2: Defect potentials in real space for diﬀerent charge states: attractive (blue), neutral
(green), and repulsive (red). The left hand side shows the undisturbed potentials. On the right
hand side, the deformation and corresponding barrier lowering by an applied electric ﬁeld (black
dashed line) is shown.
the charge state of the defect. The possible potentials are depicted in Fig. 2.2. If a donor
level emits an electron, it is positively charged after the emission of the electron. Then, the
potential would be an attractive Coulomb potential (blue line in Fig. 2.2). In the case of
a single acceptor which is neutral after the emission, one can approximate the potential by
a square well potential (green line in Fig. 2.2). For a double acceptor, the defect potential
would be a combination of a square well potential close to the core of the defect with a
repulsive Coulomb potential for larger distances (red line in Fig. 2.2).
It should be noted that the charge states associated to the potentials change when one
considers hole emission instead of electron emission. Then, the attractive Coulomb potential
corresponds to a single acceptor state, the square well potential to a single donor state, and
the repulsive Coulomb potential to a double donor state.
In any case, an applied electric ﬁeld has to be superimposed on the defect potential. This
results in the reduction of the potential barrier in the direction of the ﬁeld (∆EPF and ∆Esw
in Fig. 2.2). The ﬁeld dependence of this reduction varies between the diﬀerent possibilities,
though.
In the case of the square well potential, the energy barrier is reduced at the edge of the
potential well, which is at the distance b. Calculating the eﬀect on the emission rate in three
dimensions, one obtains [58]
en
en0
=
(
kT
2eEb
)[
exp
(
eEb
kT
)
− 1
]
+
1
2
(2.22)
with the electric ﬁeld E and the elemental charge e. The emission rate without electric
ﬁeld is denoted with en0.
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For the repulsive Coulomb center, the dependence is about the same, as the barrier
lowering also happens at the position b deﬁned by the core square well potential.
It should be noted that the ﬁeld shift in the square well potential depends strongly on b,
a value which is not experimentally accessible and has to be ﬁtted to the data. Values larger
than a few nm have to be considered with care, since the lattice constant of silicon is only
about 0.54 nm [59].
An attractive Coulomb potential shows a diﬀerent behavior. The reduction of the barrier
leads simultaneously to a shift of the position of its maximum. The mathematical description
was ﬁrst given by Frenkel for a 1D case and later extended to a 3D model by Hartke.[58,
60] The eﬀect is usually called the Poole-Frenkel eﬀect.
In a 1D case, the barrier lowering leads to a shift of the emission rate of the form
en
en0
= exp
(
β
√
E
2kT
)
(2.23)
with
β =
√
e3
piεε0
and with the vacuum permittivity ε0 and the relative permittivity ε.
In the Hartke model, the eﬀect is calculated for a spherical Coulomb potential. This
yields the following equation for the ratio of the emission rates with and without electric
ﬁeld:
en
en0
=
(
kT
β
√
E
)2{
1 +
[(
β
√
E
kT
)
− 1
]
exp
(
β
√
E
kT
)}
+
1
2
(2.24)
The diﬀerence between the 1D and the 3D model is more pronounced at low tempera-
tures. At higher temperatures, the models yield nearly identical slopes. It depends on the
defect which of the two models describes the real situation more accurately. Real potential
distributions of defects in the host lattice are usually more complicated than a simple sphere
(see, e.g., Ref. [28]). Therefore, the emission rate shift in an electric ﬁeld may follow the
Hartke model for nearly spherical distributions, whereas strongly anisotropic potentials
may be better described by the 1D model.
The shift of the emission rate in the electric ﬁeld becomes weaker for higher temperatures.
This weakening makes the experimental determination of a Poole-Frenkel eﬀect at higher
temperatures diﬃcult. For example, at 280 K the emission rate shifts only by a factor of
∼ 1.6 between 2500 V/cm and 15000 V/cm, which are typical ﬁelds in the depletion region
of a Schottky diode for n ≈ 1015cm−3.
In contrast to the square well model, the Poole-Frenkel models yield a ﬁxed ﬁeld
dependence for a given temperature. No arbitrary ﬁt parameters are used in the comparison
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with experiments. It should be noted, though, that sometimes the experimentally observed
shifts of the emission rate show a weaker ﬁeld dependence than expected from the Poole-
Frenkel model.[61] However, they still follow the
√
E proportionality.
Finally, for suﬃciently high electric ﬁelds, tunneling processes start to contribute to an
enhancement of the emission rate. The change in the potential induced by the electric ﬁeld
changes the tunneling parameters. Following the model of Karpus and Perel' [62], the
emission rate is enhanced in the form
en(E) ∝ exp
[
(eE)2τ 3
3m∗~
]
. (2.25)
Here, τ is the tunneling time.
Since the emission rate shift for tunneling is ∝ E2 in contrast to the
√
E dependence
of the Poole-Frenkel eﬀect, a diﬀerentiation of these two processes is possible. Also,
sometimes a transition from the
√
E to the E2 dependence is observed at suﬃciently high
electric ﬁelds.
2.4 Depth distribution of hydrogen complexes
In the case of an inhomogeneous hydrogen concentration, the concentration of hydrogen-
containing complexes varies accordingly. But the exact concentration proﬁles depend also
on the number of hydrogen atoms involved in the complex. This dependence can be used
to obtain information about their microscopic structure. For the case of hydrogenation by
wet-chemical etching, the concentration proﬁles of hydrogen complexes in dependence of
the number of hydrogen atoms involved were calculated by Feklisova and Yarykin [53].
Since the results of their calculations are used extensively throughout this thesis, they are
brieﬂy presented here.
During wet-chemical etching, the number of mobile hydrogen atoms [H(x)], with the
distance to the surface x, can be described by the diﬀerential equation
∂[H]
∂t
= D
∂2[H]
∂x2
+ V
∂[H]
∂x
− [H]
τ
(2.26)
with the diﬀusion coeﬃcient D and lifetime τ of mobile hydrogen.[53] The second term on
the right hand side of the equation accounts for a moving surface during the etch process
with etching velocity V . The solution of this equation is the simple exponential behavior
[H] = H0 exp(−x/L) (2.27)
with the penetration depth L.
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Assuming that a given complex AHi of the defect A with i hydrogen atoms is created by
the reaction AHi−1 + H = AHi, the formation of AHi is governed by
∂[AHi]
∂t
= V
∂[AHi]
∂x
+ 4piD(ri−1[AHi−1]− ri[AHi])[H] (2.28)
with the radius of hydrogen capture ri for the defect AHi.
Considering the concentration in suﬃciently large depth where [AHi−1]  [AHi], the
second term in the brackets can be neglected. Then, one obtains the quasistationary solution
for i = 1
[AH1] = 4piDr0H0
L
V
exp(−x/L). (2.29)
For a free choice of i, the solution takes the form
[AHi] ∝ exp (ix/L). (2.30)
With this proportionality, the ratio of hydrogen atoms involved in diﬀerent complexes can
be determined from the ratio of the slopes in a semilogarithmic plot of concentration versus
depth. This allows a direct determination of the microscopic structure of hydrogen-related
complexes.
As mentioned above, this solution is valid for hydrogen introduction by wet-chemical
etching. This is expressed in the second term in the diﬀerential equation (see Eq. 2.26).
Other ways of creating mobile hydrogen in the sample, such as plasma hydrogenation or
annealing of a hydrogenated sample, would require a separate analysis.

Chapter 3
Measurement techniques
Using the theoretical basis from the previous chapter, the measurement techniques used in
this work are described in this chapter. The ﬁrst two sections cover the basic principles of
deep level transient spectroscopy (DLTS) and Laplace DLTS. A section about the determi-
nation of a concentration depth proﬁle follows. The chapter ends with an introduction of
minority carrier transient spectroscopy (MCTS).
3.1 Deep level transient spectroscopy
DLTS is a technique to measure deep states in the band gap of a semiconductor. It was
introduced in 1974 by D. Lang.[63] The basic operating principle of DLTS is the measurement
of the depletion capacitance in a diode structure. This capacitance results from the presence
of charged atoms in the depletion region, mostly those of the main dopant. However, also
defects with deep states are charged and contribute to the capacitance, albeit usually in a
much smaller way. To discriminate the deep states from the dopant and from each other,
their diﬀerent transient behavior is exploited.
To measure these transients, a diode is kept in reverse bias VR. Then, a so-called ﬁlling
pulse collapses the depletion region partially or totally by applying a smaller reverse bias
for the duration of the pulse width. During this time, the traps are reﬁlled with majority
carriers, a process which is governed by Eq. 2.19. After returning to the reverse bias, the
traps re-emit their carriers if the Fermi level has crossed the deep level position. This is
depicted in Fig. 3.1, where x denotes the depth under the contact. As this emission changes
the total charge in the depletion region, the capacitance changes accordingly. Therefore, the
emission process can be monitored in the transient behavior of the capacitance.
The actual measurement is performed by continually applying pulses and measuring the
capacitance transients while changing the temperature of the sample. The capacitance tran-
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Figure 3.1: Left hand side: behavior of the charge density ρ in the depletion region initially, at the
end of the ﬁlling pulse, and during measurement (from top to bottom). The right hand side shows
the corresponding band bending with the charged traps.
sient is analyzed by a lock-in ampliﬁer, which gives maximum output if the capacitance
transient time constant matches with the set lock-in frequency. As the emission rate depends
strongly on temperature (see Eq. 2.12), peaks will appear at the temperatures corresponding
to the energy levels of the defects. This is illustrated in Fig. 3.2.
In this work, the DLTS peaks are labeled with either E or H for electron and hole traps,
respectively. The letter is followed by the temperature at which the peak maximum is ob-
served with an emission rate of 47 s−1. To distinguish similar peaks which arise from diﬀerent
defects, subscripts denote the essential defect component (e.g. Ti for all titanium-related
defects). Where applicable, data taken in n-type samples is shown in blue, whereas data
taken in p-type samples is shown in red. This color code has to be dropped for concentration
depth proﬁles due to the amount of data displayed there.
From the amplitude of the capacitance change, one can calculate the trap concentration.
Assuming a total collapse of the depletion region and completely ﬁlled traps after the ﬁlling
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Figure 3.2: Left hand side: emission transients at diﬀerent temperatures. The transients are sampled
with a ﬁxed rate window (t1 and t2). The capacitance diﬀerence is the DLTS signal. If the emission
rate matches the rate window, the signal becomes maximal and a peak appears in the DLTS
spectrum (right hand side).
pulse, the simple expression for the capacitance change is [52]
∆C(t)
C(∞) = −
Nt
2Nd
exp(−ent) (3.1)
with Nt the total trap concentration, Nd the dopant concentration, ∆C the change in capac-
itance after the ﬁlling pulse, and C(∞) the saturation capacitance. This expression assumes
a constant depletion width during the emission process, as usually Nt  Nd. Therefore, for
a total reduction of the depletion region to x = 0, the total trap concentration is
Nt = −2Nd∆C(0)
C(∞) . (3.2)
Usually, the width of the depletion region is not reduced to zero, but only to the depth
corresponding to the ﬁlling pulse voltage x0. That leads to a reduced volume from which the
measured signal stems. Furthermore, the depth scale corresponding to the deep traps is not
the same as for shallow dopants. The occupancy of the traps is governed by the position of
the Fermi level. For deep traps, due to the band bending in a diode structure, the crossover
of the Fermi level with the trap level is located closer towards the diode interface than the
calculated depletion width. This diﬀerence is called the lambda layer and can be calculated
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as [52]
λ =
√
2εε0
e2Nd
(EF − Et). (3.3)
With the depletion width during reverse bias xd and the eﬀective widths x1 = xd−λ and
x2 = x0 − λ, one can then obtain the total trap concentration including the reduced volume
by [52]
Nt =
2Nd∆C(0)
C(∞)
{
x2d
x21 − x22
}
. (3.4)
Equation 3.4 has been used to determine the trap concentrations in this work. However,
there are two special cases which have to be considered with additional care. The ﬁrst is
that of a slow capture rate in respect to the emission rate. So far it has been assumed that
the capture rate is much faster than the emission rate, so that the concentration of ﬁlled
traps nt after the ﬁlling pulse is nt = Nt (see Eq. 2.20). If, however, the capture rate is of
the same order of magnitude as the emission rate, the expression 2.18 has to be used and the
concentration obtained by Eq. 3.4 must be further corrected by the factor (c+ e)/c. In the
second special case, the concentration of deep traps is of the same order of magnitude as that
of the shallow dopants. In this case, the assumption that the depletion width is constant
during ﬁlling and during emission is no longer valid, as the charge change due to deep traps
is not negligible against that of the shallow dopants. This leads to non-exponential capture
and emission transients and a voltage dependence of the capture rate.[64] Also, care has
to be taken during the evaluation of the trap concentration to use correct values for the
depletion width.
3.2 Laplace DLTS
A drawback of the conventional DLTS using a lock-in ampliﬁer is its low energy resolution.
Due to quite broad peaks created by the analogue ﬁltering, defects with similar activation
energies are diﬃcult to separate. Generally, emission rates of two defects have to diﬀer
by a factor of ∼ 12 to ∼ 15 to be distinguishable by conventional DLTS. To overcome
this limitation, the Laplace DLTS technique is used.[65] Here, the capacitance transient is
measured at a constant temperature. By multiple measurements it is possible to statistically
reduce the noise level. Then, exponential functions are ﬁtted to the measured transient via
a reverse Laplace transformation.
The algorithms used attempt to ﬁnd the least number of peaks to consistently ﬁt the
experimental data.[65] Also, peaks with amplitudes smaller than the noise level are removed
from the solution. This requires a good signal to noise ratio (SNR) to separate peaks with
similar emission rates. As was demonstrated in Ref. [65], a SNR of about 300 is required to
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Figure 3.3: Illustration of the resolution of Laplace DLTS. The top graph shows a DLTS spectrum
of cobalt in silicon. The bottom graph shows normalized Laplace DLTS data taken at 210K (marked
in red in the DLTS spectrum) calculated with the same algorithm. The dotted line has a SNR of
∼ 28, the full-drawn line has a SNR of ∼ 170. For suﬃciently high SNR, the one DLTS peak can
be separated into two peaks in Laplace DLTS with an emission rate ratio of about 1:3.
separate two peaks whose emission rates diﬀer by a factor of two. The requirements rise if
the peaks lie even closer together or if one peak has a signiﬁcantly smaller amplitude than
the other one.
An example of a Laplace DLTS measurement is presented in Fig. 3.3. A DLTS spectrum
of cobalt-doped silicon and two normalized Laplace DLTS measurements taken at 210K with
the same algorithm and ﬁtting parameters are shown. In the DLTS spectrum, only one peak
is observed at this temperature. In Laplace DLTS, a SNR of ∼ 28 results in one broad peak
(dotted line). If one increases the measurement time to obtain a SNR of ∼ 170, it is possible
to separate two components. The emission rates are separated by a factor of ∼ 3.2.
Variation of the pulse parameters allows the determination of several trap properties: (i)
The activation energy can be determined from the emission rates at diﬀerent temperatures.
(ii) The concentration of the defect can be calculated from the peak amplitude (see Eq. 3.4).
(iii) A concentration depth proﬁle can be taken by varying both the ﬁlling pulse voltage and
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the reverse bias. To obtain precise concentration data, two measurements with the same
reverse bias and diﬀerent pulse voltages are subtracted from each other. With this so-called
double DLTS, eﬀects of the Debye-tail at the depletion region edge are diminished.[66] (iv)
The capture cross section can be measured by changing the width of the ﬁlling pulse. The
dependence of the peak amplitude on the ﬁlling pulse width also allows one to distinguish
between point and extended defects. Point defects show an exponential dependence on the
ﬁlling pulse width, while extended defects exhibit a logarithmic dependence.[67] (v) Finally,
eﬀects of the electric ﬁeld on the emission rate can be observed by changing the applied
voltage.
3.3 Concentration depth proﬁling
To obtain a concentration depth proﬁle, several measurements are performed in which the
probed region is shifted for each measurement. The corresponding mean depth can be
calculated from the CV -proﬁle for each data point. The DLTS amplitude yields the defect
concentration.
As was mentioned above, the crossing point of the defect level with the Fermi level, which
determines the depth unto which a defect is charged, is shifted with respect to the depletion
region edge by the lambda layer (see Eq. 3.3). This lambda layer has to be subtracted from
the depth calculated from the CV -proﬁle for a correct concentration depth proﬁle.
Measuring the depth proﬁle with a single ﬁlling pulse leads to several complications. First
of all, electrons leaking into the depletion region (the Debye tail) lead to a nonzero capture
rate close to the depletion region edge, and the observed emission transients are modiﬁed
accordingly (see Eq. 2.15). In addition, contact and interface eﬀects can inﬂuence the DLTS
signal and thus the calculated concentration.[66]
In order to avoid these problems, two diﬀerent ﬁlling pulses are applied and the transients
subtracted, as proposed by Lefevre and Schulz.[66] The subtraction eliminates constant
eﬀects which are independent of the ﬁlling pulse. In addition, the eﬀective probed region is
located far from the depletion edge under reverse bias. Therefore, eﬀects from the Debye
tail are also eliminated.
The electric ﬁeld in the depletion region can inﬂuence the emission rate of the observed
defect (see Sec. 2.3). In order to avoid possible eﬀects on the measured concentration, the
reverse bias and the pulse voltages are selected in such a way that the electric ﬁeld in the
probed region is about the same for all measurements of one proﬁle. The maximum reverse
bias applied in the concentration depth proﬁles in this work was VR = −10 V.
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3.4 Minority carrier transient spectroscopy
Schottky diodes are unipolar devices, that is, only one type of carriers is active. DLTS on
Schottky diodes can therefore only manipulate the majority carrier concentration. In order
to measure minority carrier traps in the same sample, it is possible to introduce minority
carriers into the depletion region using light pulses. This technique is called minority carrier
transient spectroscopy (MCTS).
For MCTS measurements, a Schottky diode is kept under reverse bias. Electron-hole pairs
are generated by illumination with a wavelength whose energy is greater than the band gap.
For silicon, the band gap is 1.11 eV at room temperature, therefore the wavelength should
be shorter than ∼ 1130 nm. The minority carriers are pulled into the depletion region, while
the majority carriers are expelled. The minority carriers will ﬁll the traps in the depletion
region until a steady state is reached or the illumination is turned oﬀ. After the illumination
ends, the traps emit the minority carriers, which can be observed as capacitance transients.
This process is shown in Fig. 3.4.
The samples are illuminated by shining a laser diode either onto the front or onto the
backside of the sample. Illumination of the front side has the disadvantage of creating
many majority carriers in the depletion region. This generates majority carrier peaks in
the spectrum and can even dominate the spectrum, so that a standard DLTS spectrum is
reproduced. Also, interface states between the semiconductor and the contact metal will be
excited and contribute to the background.
Illumination from the backside avoids these problems and is therefore desirable. The
limiting factor here is the diﬀusion length of the minority carriers, which should be larger
than the sample thickness. In the case of silicon, which is an indirect band gap semiconductor,
it is also advantageous to use light with an energy just above the band gap. Due to the low
absorption coeﬃcient at such a wavelength, the penetration depth is larger and the minority
carriers are generated closer to the depletion region.
As the amount of minority carriers reaching the depletion region depends strongly on
a number of parameters, such as light intensity, laser pulse width, diﬀusion length of the
sample, sample thickness etc., a quantitative analysis of the defect concentrations by MCTS
is diﬃcult. However, spectra of the same sample taken under diﬀerent conditions can yield
qualitative information about relative concentrations of the observed defects.
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Figure 3.4: Left hand side: behavior of the charge density ρ in the depletion region initially, at the
end of the laser pulse, and during measurement (from top to bottom). The right hand side shows
the corresponding band bending with the charged traps.
Chapter 4
Experimental details
4.1 Samples and preparation
For the investigation of the transition metals in silicon, both n- and p-type Floating-Zone
(FZ)1 and Czochralski (CZ)2 silicon samples were used. Into these samples, the metals had
been added during crystal growth.
In addition, FZ n- and p-type silicon3 was used in which vacancies were created by high
temperature annealing in nitrogen gas, which stabilizes the vacancies.[6870] Since this also
introduces nitrogen into these samples, they are referred to as nitrogen-doped samples in
Chap. 8. Into these samples, nickel was in-diﬀused at 700 ◦C which reacts with the vacancies
to form substitutional nickel. The in-diﬀused nickel extended over the entire wafer thickness,
with only small concentration changes over length scales in the order of 100 µm.[71] Control
samples without in-diﬀused nickel were also available.
For the investigation of hydrogen in metal-free n-type silicon, both FZ and CZ samples
with diﬀerent doping concentrations were analyzed. In all samples, phosphorous was used
for n-type doping and boron for p-type doping. An overview of all sample types used with
their corresponding doping concentrations is given in Table 4.1.
Schottky contacts were created by resistive evaporation of gold (n-type) or aluminum (p-
type) under vacuum conditions onto the samples. The sample surface was prepared prior to
contact evaporation either by cleaving, polishing, or wet-chemical etching. Etching was per-
formed by a mixture of HF:HNO3:CH3COOH with a ratio of 3:5:3 (CP4A). Natural surface
oxide was removed by an HF-dip of several seconds. Etching by CP4A is always accom-
panied by an introduction of hydrogen into the surface layer.[19, 20] When this hydrogen
1provided by Leibniz-Institut für Kristallzüchtung, Max-Born-Str.2, 12489 Berlin
2provided by Siltronic AG, Hans-Seidel-Platz 4, 81737 München
3provided by P. Saring, Georg-August-Universität Göttingen
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doping concentration (cm−3)
FZ samples CZ samples diﬀusion samples
n-type p-type n-type p-type n-type p-type
Co 9× 1013 - - 1× 1015 - -
Ni 5× 1013 3× 1013 - 1× 1015 2× 1014 2× 1014
Ti 1.7× 1015 1× 1014 1.5× 1015 1× 1015 - -
clean 3× 1013-4× 1016 - 1-6× 1015 - - -
Table 4.1: Overview of the used samples with their corresponding doping concentrations.
Schottky contactSample
Sample holder
IR illumination
Figure 4.1: Schematic cross-section of a sample prepared for MCTS with backside illumination
mounted in the sample holder. Underneath the Schottky contact, the sample is etched to a thickness
of around 200 µm. The rest of the sample retains its original thickness for mechanical stability.
Illumination is provided from the back through a hole in the sample holder.
introduction was unwanted, samples were prepared by cleaving or polishing. Ohmic contacts
were prepared by rubbing an eutectic InGa alloy onto the backside of the sample.
Samples used for MCTS with backside illumination were partially etched from the back
right underneath the contact. The etching was done in such a way that the sample thickness
under the contact is in the order of ∼ 200 µm, while the surrounding material retains its
original thickness of ∼ 500 µm. In this way, the mechanical stability of the samples is
retained while at the same time the diﬀusion pathway for the minority carriers is reduced.
A schematic cross-section of a prepared MCTS samples is presented in Fig. 4.1.
Hydrogen introduction into the samples was achieved by wet-chemical etching. Addition-
ally, a remote DC-hydrogen plasma was available for sample preparation. A schematic of
the plasma setup used is given in Fig. 4.2. The plasma is ignited by a DC high voltage
(1kV) at a distance of about 10 cm from the sample. Hydrogen ions from the plasma are
pulled towards the sample by an applied bias. The sample stage can be heated up to 400 ◦C.
Besides hydrogen, deuterium and a deuterium-hydrogen (50%-50%) gas mixture can be used
for the plasma.
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Figure 4.2: Schematic of the setup used for plasma hydrogenation. The plasma is ignited by a DC
high voltage. Hydrogen ions are pulled towards the sample by an additional applied bias. The
sample stage can be heated. Besides hydrogen, deuterium and a hydrogen-deuterium gas mixture
can be used.
In order to determine the temperature dependence of the defects, the samples were an-
nealed at diﬀerent temperatures. Annealing up to 400 K was often performed with the sample
mounted in the sample holder. Temperatures higher than 400 K lead to a degradation of
the ohmic contact and the silver paste used to glue the sample to the sample holder.
Annealing up to 300 ◦C was mostly performed in air. For higher temperatures, a horizontal
and a vertical quartz tube furnace were available. In the horizontal furnace, the samples
were annealed under an argon ﬂow in an open quartz boat. In the vertical furnace, sealed
quartz ampules with helium atmosphere were used. Quenching times for the annealing in
air and the open quartz boat are in the order of tens of seconds. In the vertical furnace, the
quartz ampule is dropped directly into a water basin, resulting in quenching times below a
second. Annealing experiments at temperatures above 150 ◦C were always performed without
Schottky contacts.
4.2 Instrumentation
Conventional DLTS measurements are performed using stand-alone pulse generator4, capac-
itance bridge5, lock-in ampliﬁer6, and temperature controller7 controlled via LabView. For
Laplace DLTS, pulse generation and signal processing are done on-board8 with an external
4Agilent 81110 A
5Boonton 72B
6EG&G 7260 DSP
7LakeShore DRC 91CA
8National Instruments 6251 data acquisition board
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capacitance bridge9 and temperature controller10.
Several cryostats are available with diﬀerent temperature ranges and special features. A
schematic overview of the diﬀerent conﬁgurations is presented in Fig. 4.3. Two home-built
sample holders are used in the gas phase of either liquid He or liquid N2. Their accessible
temperature ranges are 30 K to 400 K and 78 K to 400 K, respectively. A cold-head sample
holder cooled by ﬂowing liquid N2 and a temperature range from 90 K to 400 K contains an
in-built IR laser diode with a laser wavelength of 780 nm and can be used for frontside and
backside illumination MCTS measurements. Finally, a closed-cycle Janis cryostat covers
a temperature range from 10 K to 450 K with windows for backside illumination MCTS
measurements.
9Boonton 7200
10LakeShore 331
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Figure 4.3: Schemes of the setups used for measurement. In (a) the conventional DLTS setup with
dewar cooling is shown. The closed cycle cryostat is shown in (b) used for Laplace DLTS and in (c)
for MCTS.

Chapter 5
Hydrogenation of metal-free silicon
Before studying the interaction of TMs with hydrogen, it is important to understand which
defects appear in metal-free silicon after hydrogenation. To that end, the hydrogenation
processes used on the TM-containing samples were also applied to metal-free silicon samples.
This chapter presents the results of the investigations of these samples.
5.1 Introduction
Previous studies on the eﬀect of hydrogen have shown the appearance of diﬀerent hydrogen-
related defects in n- and p-type silicon.[21, 3537, 39, 40, 72, 73] The eﬀect of plasma
hydrogenation on silicon was studied by Johnson et al.[39] They reported on the formation
of planar microdefects called platelets in the ﬁrst 0.1 µm below the surface. In addition, two
deep levels in the band gap at EC - 0.06 eV (E45C) and EC - 0.51 eV (E260C) were observed
deeper below the surface.[39] Similar levels were also reported in Refs. [40, 72] in plasma
hydrogenated silicon. Apart from the involvement of hydrogen in these defects, their origin
remained unclear.
Two other levels E1 (E65C) and E2 (E75C) lying at EC - 0.11 eV and at EC - 0.13 eV
were reported by Yoneta et al. and others in wet-chemically etched silicon.[21, 35] The
concentration of these defects was correlated with the concentrations of carbon and oxygen.
Therefore, they were tentatively attributed to two diﬀerent COH complexes.[35]
A third level E3 (E90C), lying at aboutEC - 0.16 eV, was also observed by these authors.[21,
35] Its properties are similar to those of a defect observed by Endrös et al., who assigned
this defect to the donor level of a CH-complex.[37] Endrös et al. used reverse bias an-
nealing in hydrogenated samples to create this defect. Other studies observed a similar
CH-complex after wet chemical etching at room temperature and after low temperature
proton implantation and subsequent annealing above 225 K, which introduces also a second
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level at EV + 0.29 eV.[36] However, a diﬀerent behavior of the emission rate under an applied
electric ﬁeld was observed for the complexes created with or without reverse bias annealing.
This discrepancy could recently be resolved by Stübner et al., who could show that these
are in fact two diﬀerent conﬁgurations of CH with diﬀerent charge states.[73]
The low temperature proton implantation study mentioned above additionally observed
a donor level at EC - 0.22 eV.[36] It was attributed to a further conﬁguration of the CH-
complex. It is instable for temperatures above 225 K and transforms into E3.
Theory calculates at least ﬁve diﬀerent conﬁgurations of the CH complex.[36] The con-
ﬁguration proposed to be most stable has the hydrogen atom located in the bond-centered
position between the carbon and a neighboring silicon atom (CH1BC). An only 0.2 eV higher
formation energy was calculated for CH2BC in the positive charge state. In this conﬁguration,
the hydrogen atom is located in the bond between the nearest and second nearest neigh-
bor silicon atoms. A third conﬁguration is CH1AB, where hydrogen sits in the anti-bonding
position bound to carbon. Here, the formation energy is in the negative charge state only
0.2 eV higher than that of CH1BC . Also possible is the position in the interstitial site next to
the carbon atom, CH1TD. The anti-bonding conﬁguration with the hydrogen bound to the
silicon atom (CH2AB) was found to have signiﬁcantly higher formation energies in all charge
states than all other conﬁgurations considered.
Andersen et al. attributed the donor level at EC - 0.22 eV after low temperature proton
implantation to CH2BC and the CH complex reported in Refs. [21, 3537] at EC - 0.16 eV to
CH1BC . The assignment of the CH complex observed directly after etching to CH1BC was
supported in Ref. [73]. The complex created after reverse bias annealing was attributed to
a diﬀerent conﬁguration CHB.[73]
No experimental evidence has been reported so far on the existence of the other conﬁgu-
rations of CH. With the results presented in this chapter, E45C and E260C can be attributed
to two charge states of the same carbon-hydrogen conﬁguration.
5.2 Results
DLTS Figure 5.1 shows the DLTS spectra of metal-free n-type FZ silicon with a doping
concentration of 1× 1015 cm3 after hydrogen introduction by etching and by a DC hydrogen
plasma. The hydrogen plasma treatment was performed at diﬀerent sample temperatures,
ranging from 50 ◦C to 200 ◦C in steps of 50 ◦C. Note the diﬀerent scaling factors of the
spectra. Three peaks are visible in these spectra, E45C, E90C, and E260C. E90C was only
observed in the etched FZ samples. The intensities of E45C and E260C depend strongly on
the sample temperature during the plasma treatment.
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Figure 5.1: DLTS spectra of metal-free FZ silicon after wet-chemical etching and after DC hydrogen
plasma at the indicated temperatures. The spectra were measured with VR = −2 V, VP = 0 V, a
ﬁlling pulse width of 1 ms, and a rate window of 47 s−1.
In Fig. 5.2, the DLTS spectra of metal-free n-type CZ silicon with a doping concentration
of 5 × 1014 cm3 are shown after the same treatment as the FZ samples. In contrast to the
FZ samples, the etched CZ sample shows two peaks E65C and E75C instead of E90C. In the
plasma hydrogenated CZ silicon samples, E45C and E260C are again observed with a similar
temperature dependence as in FZ silicon.
Arrhenius plot The activation energies and apparent capture cross sections of the ob-
served peaks were determined from their Arrhenius plots shown in Fig. 5.3. The results are
given in Table 5.1.
label Ena (eV) σna (cm2) assignment
E260C - 0.50 (3.3± 1.8)× 10−15 CH1AB (-/0) [this work]
E90C - 0.15 4.7× 10−16 CH1BC (-/0) [36, 73]
E75C - 0.13 7.6× 10−16 COH(0/+) [21, 35]
E65C - 0.12 3.7× 10−15 COH(0/+) [21, 35]
E45C - 0.07 2.3× 10−16 CH1AB(- -/-) [this work]
Table 5.1: Activation energies, apparent capture cross sections, and charge states of the peaks
observed in hydrogenated metal-free n-type silicon.
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Figure 5.2: DLTS spectra of metal-free CZ silicon after wet-chemical etching and after DC hydrogen
plasma at the indicated temperatures. The spectra were measured with VR = −2 V, VP = 0 V, a
ﬁlling pulse width of 1 ms, and a rate window of 47 s−1.
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Figure 5.3: Arrhenius plots of the peaks observed in hydrogenated metal-free n-type silicon.
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Electric ﬁeld dependence The emission rates of the peaks E45C, E65C, and E75C are
shown in Figs. 5.4 and 5.5 as a function of the square root of the electric ﬁeld. Both
E65C and E75C show good agreement between experiment and theory and can therefore be
assigned to donor levels (see Fig. 5.4). In contrast, the dependence of E45C on the electric
ﬁeld is signiﬁcantly lower than expected from both the 1D-Poole-Frenkel model (dotted
line) and the Hartke model (solid line) (see Fig. 5.5). However, a ﬁt with the square-well
potential (dash-dotted line) yields good agreement with a well-radius of b = 4.35 nm.
The emission rates of E90C and E260C do not shift in an applied electric ﬁeld. Both
defects can therefore be ascribed to acceptor levels.
Depth proﬁles Figure 5.6 shows the concentration depth proﬁles of E260C and E45C in
FZ silicon for two diﬀerent plasma conditions. The concentrations of E45C and E260C are
identical in both cases.
The coincidence of the concentration proﬁles is not apparent from the DLTS spectra
presented in Figs. 5.1 and 5.2. Instead, diﬀerent peak intensities of E45C and E260C are
observed. However, E45C and E260C have quite diﬀerent activation energies. The resulting
diﬀerence in the lambda layer of the two levels shifts the probed region during the mea-
surement by 0.5 µm in these samples (see Sec. 3.1). Taking into account the non-uniform
depth distribution of E45C and E260C (see Figs. 5.6 and 5.7), this shift of the probed region
explains the diﬀerent DLTS peak amplitudes of E45C and E260C.
Concentration depth proﬁles of E260C for diﬀerent plasma treatment temperatures are
presented in Fig. 5.7. For simplicity, the proﬁles of E45C are omitted. With increasing tem-
perature of the plasma treatment, hydrogen diﬀuses further into the sample. This leads to a
shift of the concentration maximum deeper into the sample and a broader defect distribution.
The concentration depth proﬁles of E45C and E260C measured in a FZ sample with a
doping concentration of 3 × 1013 cm3 after wet-chemical etching are presented in Fig. 5.8,
together with the proﬁle of E90C. The concentrations of E45C and E260C coincide and are
a factor of 10 smaller than the concentration of E90C. Using the slopes of the concentration
proﬁles to compare the number of hydrogen atoms involved in each complex, as presented
in Sec. 2.4, one obtains equal slopes for all three levels. This shows that the same number
of hydrogen atoms are involved in these defects.
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Figure 5.4: Electric ﬁeld dependence of E65C and E75C. The lines shown the theoretically expected
behavior in the 1D-Poole-Frenkel model (dotted line) and in the Hartke model (solid line).
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Figure 5.5: Electric ﬁeld dependence of E45C taken at 45 K in diﬀerent samples. Each data set
is presented by a diﬀerent symbol. Also shown are ﬁts with the Hartke model (solid line), the
1D-Poole-Frenkel model (dotted line), and with the square well potential (dash-dotted line).
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Figure 5.6: Concentration depth proﬁles of E260C and E45C in FZ silicon after hydrogen plasma at
50 ◦C (closed symbols) and 100 ◦C (open symbols).
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Figure 5.7: Concentration depth proﬁles of E260C in FZ silicon after hydrogen plasma at diﬀerent
temperatures.
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Figure 5.8: Depth proﬁles of E260C, E90C, and E45C in FZ silicon after RT wet chemical etching.
The slopes of the concentrations tails are also presented.
Annealing The annealing behavior of E45C and E260C is shown in Fig. 5.9. Both peaks
behave identical and disappear at 500 K. The other peaks observed directly after etching
are less stable. E90C disappears already at 375 K, while E65C and E75C are stable up to
400 K. It should also be mentioned that the annealing behavior of E75C is strongly sensitive
to illumination, as was reported in Ref. [35].
Correlation with C and P Two major impurities are common to all samples investigated:
carbon and phosphorous. To determine whether E45C and E260C contain one of these
impurities, the concentrations of E260C and of P and C are compared in Fig. 5.10. The
carbon content is determined by the concentration of the CH complexes observed directly
after wet chemical etching (E90C). No correlation between E260C and phosphorous exists
(see Fig. 5.10). However, with an increasing amount of carbon in the samples, a higher
concentration of E260C is observed (see Fig. 5.10).
Isotope shift Experiments with diﬀerent hydrogen isotope compositions in the plasma
were performed. Figure 5.11 shows the Laplace DLTS spectra of E90C and E260C measured
each in three samples of the same material, treated with either hydrogen, deuterium, or a
hydrogen-deuterium mixture (50%-50%) and recorded under identical measurement condi-
tions. For both defects, the peak position shifts depending on the hydrogen isotope used.
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Figure 5.9: Annealing behavior of E45C and E260C taken from the DLTS peak amplitude from a
sample treated with hydrogen plasma at 100 ◦C. The measurements were performed with VR = −2 V
and VP = 0 V.
1012
1013
1014
1015
1011 1012 1013 1014 1015
1013 1014 1015 1016 1017
[ E
2 6
0 C
]  ( c
m-
3 )
[CH] (cm-3)
[P] (cm-3)
Figure 5.10: Dependence of the concentration of E260C on the concentration of phosphorous (red)
and carbon (black). The carbon concentration is determined by the CH-concentration. For one
sample, the CH-concentration was below the detection limit. This data point is shown as a line up
to the upper limit of the CH-concentration. The dotted line is a guide to the eye.
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Figure 5.11: Laplace DLTS spectra recorded at 94 K and 280 K in FZ samples treated with hy-
drogen, hydrogen-deuterium (50%-50%), and deuterium plasma at 100 ◦C. The measurements were
performed with VR = −4 V and VP = −1 V.
The use of deuterium increases the emission rate of E90C, whereas it lowers the emission rate
of E260C. Using a gas mixture of hydrogen and deuterium, two Laplace DLTS peaks are
observed at 280 K, whereas only one broad Laplace DLTS peak appears at 94 K. However,
the emission rates of E90C after hydrogen and deuterium plasma diﬀer only by a factor of
1.3. As was discussed in Sec. 3.2, a separation of about 2 is needed to resolve two peaks in
Laplace DLTS.
The Arrhenius plots of the isotope variants of both E90C and E260C are shown in Fig. 5.12.
The diﬀerence in the emission rate persists over the entire measured temperature region.
Also, in the case of E260C, the two peaks observed in the sample treated with the hydrogen-
deuterium plasma are identical to the peaks observed in the samples treated with only one
isotope.
Capture cross section The apparent capture cross sections determined from the Arrhe-
nius plot are found to be diﬀerent for the hydrogen and deuterium related defects. This
diﬀerent behavior of the hydrogen and deuterium peaks is conﬁrmed by direct capture mea-
surements of E260C, as is shown in Fig. 5.13. The directly measured capture cross sections
exhibit a temperature dependence, which is presented in Fig. 5.14. This dependence yields
a capture barrier of Eσ = 30 ± 5 meV for both isotopes. Similar to the results from the
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Figure 5.13: Direct capture measurement taken at 280 K on two samples of the same material, one
treated with hydrogen plasma (red curve) and the other with deuterium plasma (black curve). The
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40 A study on Ti, Co, and Ni and their interaction with H
10-17
10-16
 3.2  3.4  3.6  3.8  4  4.2
σ
 
( c m
2 )
1000/T (1/K)
D-Plasma
H-Plasma
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rates for deuterium (black) and hydrogen (red) plasma. For the obtained values see the text.
Arrhenius plot, the prefactor σ∞ diﬀers. An overview of the values for the capture cross
section is given in Table 5.2.
A simple explanation of the diﬀerent capture cross sections could be the larger vibrational
amplitude of hydrogen compared to deuterium due to its smaller mass.[74] The larger ampli-
tude translates into an increased spatial extension of the defect and therefore into a bigger
capture cross section for hydrogen. This model, however, is inconsistent with the observed
capture cross section of E90C, which is smaller for hydrogen than for deuterium.
A more thorough analysis of the capture cross section can be done in the frame of the
multiphonon emission theory.[5457] In this model, the energy of the electron is transformed
isotope σna (cm2) σn(280 K) (cm2) σ∞ (cm2)
E260C H (2.8± 0.9)× 10−15 (2.2± 0.3)× 10−17 (8± 1)× 10−17
E260C D (1.4± 0.7)× 10−15 (1.0± 0.3)× 10−17 (3± 1)× 10−17
E90C H 1.3× 10−15 - -
E90C D 1.6× 10−15 - -
Table 5.2: Capture cross sections of E260C and E90C with hydrogen and deuterium. The apparent
capture cross section σna is calculated from the Arrhenius plot. σn is measured directly at 280 K,
and σ∞ results from the barrier calculations.
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Peak Ena kT ω (kT ) p S
σH
σD
(theor.) σH
σD
(exp.)
E260C 500 meV 25 meV 5 4 1 2.2 2-3
E90C 160 meV 8 meV 16 1.3 1 0.83 0.81
Table 5.3: Parameters for the capture cross section calculations for E260C and E90C for hydrogen
(approximated). The C-H wag mode frequency is used (ω ≈ 125 meV). Both the calculated and the
experimental capture cross section ratios are given.
upon capture into vibrational energy of the defect and dissipated into the crystal by the
emission of phonons. Following the analysis of Bourgoin and Lannoo [57], the capture
cross section σ can be described by
σ = σ0(n+ 1)
pS
p
p!
exp
[
−2S
(
n+
1
2
)]
(5.1)
with
n =
[
exp
(
~ω
kT
)
− 1
]−1
(5.2)
and
σ0 ∝
1
ω
(5.3)
where ω is the vibrational frequency of the defect, n is the average quantum number of the
ground state (after capture), S is the Huang-Rhys factor measuring the relative strength
of the electron-phonon interaction, and p describes the energy diﬀerence before and after
capture in units of ~ω.
Using the measured activation energies and the C-H wag mode frequency [75], which
results in ω ≈ 125 meV, the ratio σH
σD
is calculated from Eq. 5.1 for both defects. The
ratio ωh
ωD
is taken for simplicity as
√
2. The corresponding parameters (for H) and both
the calculated and experimental capture cross section ratios are given in Table 5.3. The
calculated values match the experimental ones. An increase in the capture cross section for
deuterium, as is observed for E90C, can be explained with this model.
The vibrational energy of the defect after capturing an electron has to be dissipated
by the emission of phonons. Therefore, the lifetime of the vibrational mode after electron
capture might have an additional inﬂuence on the capture cross section. It has been recently
shown by both theory and vibrational spectroscopy that this lifetime can strongly depend on
the isotope composition of the defect.[7577] In the presence of a near-resonant mode, the
isotope shift can lead to a mismatch of the phonon energies, requiring higher order phonon
processes. Lifetime diﬀerences of an order of magnitude were reported.[7577]
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Figure 5.15: Overview of the electric levels of the hydrogen complexes in metal-free n-type silicon
with their charge states. The picture is to scale.
5.3 Discussion
Figure 5.15 shows an overview of the levels of the hydrogen complexes observed in this chapter
with their charge states and the assignment to the corresponding defects. The minor peaks
E90C, E75C, and E65C observed after wet-chemical etching can be assigned to defects known
from the literature. The origin of E45C and E260C is discussed below.
E90C, which is present in FZ silicon samples, can be attributed to the carbon-hydrogen
complex CH1BC .[36] Activation energy and annealing behavior match those previously re-
ported. As mentioned in the introduction of this chapter, Stübner et al.[73] showed that
it is not the same conﬁguration as the CH complex ﬁrst reported by Endrös et al.[37]
The peaks E65C and E75C observed in CZ silicon have properties which are very similar to
the defects E1 and E2 reported by Yoneta et al. and others.[21, 35] They were tentatively
attributed to COH complexes.[35] The involvement of oxygen in these traps is highlighted
by the fact that they only appear in CZ grown silicon, which contains more oxygen than FZ
silicon.
E45C and E260C can be attributed to two charge states of the same defect. They appear
together in both FZ and CZ material and have matching concentration proﬁles regardless
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of the sample preparation. Furthermore, their annealing behavior is identical ans is similar
to the one reported before [39]. From the dependence of their emission rates on an applied
electric ﬁeld, E45C and E260C are assigned to a double acceptor and a single acceptor level,
respectively. This is in agreement with Johnson et al., who reported no Poole-Frenkel
eﬀect for either E45C or E260C.[39] Further support comes from the higher apparent capture
cross section of E260C compared to E45C (see Table 5.1).
The concentration depth proﬁles after wet chemical etching show the presence of only one
hydrogen atom in the defect. Furthermore, the dependence of the concentration of E260C on
the carbon content in the samples suggests the involvement of carbon in the defect structure.
Therefore, this defect is attributed to a conﬁguration of the CH complex.
Comparing the experimental data with theory, the most likely candidate for the observed
defect is hydrogen at the anti-bonding position bound to carbon, CH1AB.[36] Its formation
energy is only slightly higher (0.2 eV) than that of CH1BC . Also, it was calculated to exhibit
an acceptor level at EC - 0.63 eV [36], which is in good agreement to the position of E260C
at EC - 0.50 eV.
Furthermore, for the DLTS peaks E260C and E90C an inﬂuence of the hydrogen isotope
on the capture cross section is observed. The observed eﬀect can be described within the
multiphonon emission theory by a change of the vibrational energy of the defect for the
diﬀerent masses. This implies that the captured electron is localized at the hydrogen atom.
For a deeper understanding of the isotope eﬀect on the capture cross section, including a
possible inﬂuence of the vibrational lifetimes, a dedicated theoretical study would be helpful.
5.4 Summary
The investigation of hydrogenated metal-free silicon revealed the presence of several carbon
and hydrogen related defects in silicon. The CH1BC defect, observed as E90C, is ubiquitous
in etched n-type FZ silicon, whereas the COH defects E65C and E75C are common in etched
n-type CZ silicon. They are not created by hydrogen plasma treatment at temperatures
above 100 ◦C, but then E45C and E260C are observed in all samples. These peaks could be
attributed to another CH-conﬁguration, most likely CH1AB.

Chapter 6
Titanium in silicon
This chapter focuses on the electrical properties of titanium in silicon. A controversy between
the literature and the presented data on the charge states of the titanium peaks will be
discussed. Also, several complexes of titanium with hydrogen are identiﬁed.
6.1 Introduction
Titanium is a very stable contaminant in silicon with a diﬀusion coeﬃcient of about 3×10−9
cm2s−1 at 1100 ◦C.[78] A reduction of solar cell performance in the presence of titanium is
reported.[1, 79] Titanium exhibits three levels in the band gap, two in the upper half at
EC - 0.08 eV (E40Ti) and EC - 0.27 eV (E150Ti) and one in the lower half at EV + 0.29 eV
(H180Ti).[8083] They were assigned to the single acceptor, single donor, and double donor
of interstitial titanium, respectively.
The interaction of hydrogen with titanium was only studied in a few works. Singh
et al. presented data on proton implanted silicon.[34] In this study, the damaged surface
layer after implantation was etched away and the sample was annealed at 300 ◦C. Nei-
ther TiH complexes nor a passivation of Ti could be observed. In contrast, Jost et al.
showed the presence of two electrically active TiH complexes at EC - 0.31 eV (E170Ti) and
EC - 0.57 eV(E260Ti).[31] Also, a passivation of Ti by hydrogen was observed and attributed
to TiH4.[31] Similar results were obtained by Leonard et al.[84]
Theoretical studies on the interaction of hydrogen with titanium were recently published
by Backlund and Estreicher.[27] In their ﬁrst principle studies, two conﬁgurations of
TiiH were shown to exist. One complex has trigonal symmetry with Ti at a T site and H
bound to Ti just beyond the nearest hexagonal interstitial site. In the second conﬁguration
(TiiHBC) no bond between Ti and H exists. A Si atom near Ti moves away from the
substitutional site along a trigonal axis, Tii moves oﬀ the T site and overlaps with it, while
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H ties up the Si dangling bond. Both conﬁgurations should introduce donor levels into the
band gap of Si. The TiiH complex has a double donor level located at around EV + 0.13 eV
and a single donor level located at EC - 0.38 eV. The single donor level of TiiHBC lies at
about EC - 0.62 eV whereas its double donor level was shown to be deeper in the band gap
at around EV + 0.42 eV. The capture of a second hydrogen atom by a Ti atom was predicted
to be energetically unfavorable since the formation of a H2 molecule needs signiﬁcantly less
energy than that of the neutral charge state of TiiH2.[27]
Besides TiiH-related defects, Backlund and Estreicher demonstrated that also sub-
stitutional Ti (Tis) should form a complex with a single hydrogen atom.[27] This complex
(TisH) is supposed to introduce three levels into the band gap of Si: a single donor level at
EV + 0.07 eV, a single acceptor at EC - 0.21 eV and a double acceptor at EC - 0.10 eV. None
of these levels was previously observed by means of the DLTS technique. The trapping of
the second H atom by TisH was shown to result in the movement of a Ti atom away from
the substitutional site towards the T site. In this case, another complex defect (Tii+VH2)
has to be formed. This defect was predicted to introduce a donor and an acceptor level at
EV + 0.05 eV and EC - 0.20 eV, respectively.[27]
In addition, the titanium-hydrogen interaction has recently been recalculated by Santos
et al.[28] In contrast to the results of Ref. [27], they only found one stable TiH defect. The
TiiHBC defect was calculated to be metastable. For the TiiH conﬁguration, Santos et al.
reported three levels in the band gap: a single acceptor at EC - 0.13 eV, a single donor at
EC - 0.48 eV, and a double donor at EV + 0.30 eV. Moreover, complexes of titanium with two
and three hydrogen atoms were reported to be stable in intrinsic or n-type silicon. For TiH2,
a single donor level at EC - 0.50 eV and a double donor at EV + 0.36 eV were calculated,
whereas TiH3 was shown to introduce a single donor level at EC - 0.39 eV.[28] No stable
substitutional titanium was found by their calculations.[28]
According to the results of Refs. [27, 28] one electrically inactive Ti-H complex, TiiH4,
should also be stable in Si. The presence of TiiH4 was found to be consistent with the results
previously reported.[31]
6.2 Results
DLTS Figure 6.1 presents the DLTS spectra recorded in n-type silicon samples which were
doped with titanium during growth. The samples were either wet-chemically etched (blue
lines) or treated with a DC hydrogen plasma (magenta lines). In the region close to the
surface (Fig. 6.1 (a)), three DLTS peaks E40Ti, E150Ti, and E260 are detected in the wet-
chemically etched samples. E40Ti and E150Ti are quite broad and consist of several peaks.
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Figure 6.1: DLTS spectra of n-type silicon doped with titanium during growth after wet-chemical
etching (blue line) and after hydrogen plasma treatment (magenta line). Shown are both spectra
measured (a) close to the surface (VR = −2 V and VP = 0 V) and (b) in the bulk of the sample
(VR = −8 V and VP = −4 V). The spectra were measured with a ﬁlling pulse width of 1 ms and a
rate window of 47 s−1.
In the plasma treated samples, the peak E260 dominates the spectrum. Instead of E150Ti, a
new sharp DLTS peak E170Ti is observed. Measuring deeper in the bulk (Fig. 6.1 (b)), only
two sharp peaks E40Ti and E150Ti remain in both types of samples.
DLTS spectra of p-type silicon show only one peak H180Ti (see Fig. 6.2). No additional
lines appear after hydrogen introduction by either etching or hydrogen plasma treatment.
MCTS Via MCTS, the presence of the other two Ti peaks, E40Ti and E150Ti, in p-type
silicon was veriﬁed. The measured MCTS spectrum is presented in Fig. 6.3 together with
a DLTS spectrum of n-type silicon. Both peaks E40Ti and E150Ti are also present in the
p-type material.
Laplace DLTS Laplace DLTS measurements on the broad peaks in n-type Si close to the
surface reveal that they consist in fact of several peaks. Figure 6.4 shows the Laplace DLTS
results measured at 45 K after hydrogen plasma treatment. Two peaks are observed, labeled
E40Ti and E40'Ti. The same peaks are also observed in wet-chemically etched samples. Their
intensity ratio varies, with a higher intensity of E40'Ti after more hydrogen is introduced
into the sample.
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Figure 6.2: DLTS spectra of p-type silicon doped with titanium during growth after wet-chemical
etching. Shown are spectra measured (a) close to the surface (VR = −1 V and VP = 0 V) and (b)
in the bulk of the sample (VR = −6 V and VP = −2 V). The spectra were measured with a ﬁlling
pulse width of 1 ms and a rate window of 47s −1.
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Figure 6.3: Comparison of an MCTS spectrum of p-type silicon (red line) with a DLTS spectrum of
n-type silicon (blue line), both containing titanium. The measurement parameters for MCTS were
VR = −6 V, a laser pulse width of 10 ms, and a rate window of 80 s−1. The DLTS spectrum was
taken with VR = −8 V, VP = −4 V), a ﬁlling pulse width of 1 ms, and a rate window of 47 s−1.
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Figure 6.4: Laplace DLTS spectra recorded at 45 K in Ti-doped n-type silicon after hydrogen
plasma treatment.
The Laplace DLTS data measured at 165 K in samples treated with hydrogen plasma are
presented in Fig. 6.5. One can clearly see the presence of three sharp Laplace DLTS peaks,
labeled E150Ti, E170Ti, and E170'Ti. The intensities of E170Ti and E170'Ti are higher in
respect to E150Ti in samples treated with hydrogen plasma than in etched samples.
Figure 6.6 shows the Laplace DLTS spectra recorded at 280 K in samples after wet-
chemical etching and after hydrogen plasma treatment. The etched sample shows only one
Laplace DLTS peak. In the plasma treated samples, however, E260 consists of two Laplace
DLTS peaks, labeled E260Ti and E260C. E260C is identical to the CH-peak discussed in
Chap. 5.
Arrhenius plot The activation energies and apparent capture cross sections were deter-
mined from the Arrhenius plots for all defects presented in Fig. 6.7. The values are listed in
Table 6.1 together with the defect assignment, which is argued in the discussion.
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Figure 6.5: Laplace DLTS spectra recorded at 165 K in Ti-doped n-type silicon after hydrogen
plasma treatment.
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Figure 6.6: Laplace DLTS spectra recorded at 280 K in Ti-doped n-type silicon after wet-chemical
etching (top) and after hydrogen plasma treatment (bottom).
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Figure 6.7: Arrhenius plots of all Ti-related peaks observed. The activation energies and apparent
capture cross sections are listed in Table 6.1.
label Ena (eV) σna (cm2) assignment
E260Ti - 0.55 4× 10−15 TiH3 (?/?)
E170Ti - 0.34 4× 10−14 TiHBC (0/+)
E170'Ti - 0.37 4× 10−14 TiH2 (0/+)
E150Ti - 0.27 5× 10−16 Ti (-/0)
E40Ti - 0.08 6× 10−15 Ti (0/+)
E40'Ti - 0.07 8× 10−16 TiH (0/+)
H180Ti + 0.29 9× 10−17 Ti (+/++)
Table 6.1: Activation energies, apparent capture cross sections, and assignment for all Ti-related
defects seen in n- and p-type Si.
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Figure 6.8: Laplace DLTS spectra recorded in Ti-doped n-type silicon after hydrogen plasma treat-
ment at 165 K with diﬀerent applied reverse bias.
Electric ﬁeld dependence To determine the charge states of the observed DLTS peaks,
the inﬂuence of the electric ﬁeld on the emission rate of the defects was investigated. Fig-
ure 6.8 shows the Laplace DLTS spectra taken at 165 K with diﬀerent applied reverse bias.
The emission rate of E150Ti does not shift with an increase in the applied electric ﬁeld,
whereas both E170Ti and E170'Ti shift to higher emission rates.
To check whether this shift of E170Ti and E170'Ti corresponds to the Poole-Frenkel
eﬀect, the logarithm of the emission rate is plotted versus the square root of the applied
electric ﬁeld in Fig. 6.9. As one can see, the data shows excellent agreement with the
theoretically predicted behavior calculated from both the Hartke model (Eq. 2.24) and the
1D-Poole-Frenkel model (Eq. 2.23). Therefore, both defects can be assigned to a donor
state in the upper half of the band gap.
The dependence of E40Ti on the electric ﬁeld is presented in Fig. 6.10 together with the
theoretical curves from the 1D-Poole-Frenkel model (dotted line) and from the Hartke
model (solid line). The data is in good agreement with the behavior expected in the 1D-
Poole-Frenkel model. E40Ti is therefore assigned to a donor level.
Figure 6.11 shows the electric ﬁeld dependence of E40'Ti. For an electric ﬁeld lower than
1×104 V/cm, the data shows a linear dependence on the square root of the electric ﬁeld. For
higher ﬁelds, the data points deviate from this line. In this ﬁeld region, the data points show
a linear dependence on the square of the electric ﬁeld (see inset in Fig. 6.11). This behavior
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Figure 6.9: Emission rates of E170 and E170' versus the square root of the electric ﬁeld measured
at 165 K. The data are ﬁtted with the Hartke model (solid line) and the 1D-Poole-Frenkel
model (dotted line).
can be explained by the onset of tunneling at suﬃciently high electric ﬁelds, as was reported
in Ref. [61] One should also note that the slope of the dependence on the square root of the
ﬁeld is smaller by a factor of 3-4 than expected from the Poole-Frenkel theory. However,
similarly reduced slopes have been reported before for Coulombic attractive centers.[61]
E40'Ti can therefore also be assigned to a donor level.
Depth proﬁles Figure 6.12 shows the depth proﬁles of the defects observed on n-type
silicon samples after wet chemical etching. E40Ti and E150Ti have constant and equal con-
centrations in the bulk of the sample. Both defect concentrations decrease towards the
surface. The concentration of E40Ti, however, decreases stronger than that of E150. The
concentrations of E40'Ti, E170Ti, E170'Ti, and E260Ti are highest near the surface and drop
towards the bulk. To determine the microscopic structure of the defects, the method outlined
in Sec. 2.4 is applied. The slopes have a ratio of about 1:1:2:3 for the defects E40'Ti,E170Ti,
E170'Ti, and E260Ti. This indicates the presence of 1, 2, and 3 hydrogen atoms in their
respective structure.
To control the origin of the hydrogen related peaks, the concentrations of E40'Ti, E170Ti,
E170'Ti, and E260Ti were summed up with either E40Ti or with E150Ti. The results are
presented in Fig. 6.13. The sum with E40Ti, shown as the black curve, is constant over the
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Figure 6.11: Emission rate of E40'Ti versus the square root of the electric ﬁeld measured at 45 K.
Two datasets marked with diﬀerent symbols are combined in this graph. The dotted line shows a
linear ﬁt of the experimental points at ﬁelds below 1× 104 V/cm. The inset shows the dependence
on E2 for electric ﬁelds higher than 1× 104 V/cm with a linear ﬁt (solid line).
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Figure 6.12: Depth proﬁle of the defects observed in Ti-doped n-type samples after etching. The
ﬁts to the concentration tails and their slopes normalized to the slope of E40'Ti are also shown.
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Figure 6.13: Depth proﬁle of the defects observed in Ti-doped n-type Si after etching. The full-
drawn lines depict the summed-up proﬁles of the H-related peaks E40'Ti, E170Ti, E170'Ti, and
E260Ti with either E40Ti (black line) or with E150Ti (blue line). The dotted red line is a guide to
the eye at a constant value of 7.3× 1013cm−3.
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Figure 6.14: Depth proﬁles of the Ti-related defects observed in n-type samples after hydrogen
plasma treatment. The sum of the TiH-related peaks E40'Ti, E170Ti, E170'Ti, and E260Ti with
E40Ti (red line) is also shown.
entire observed region. The dotted red line in Fig. 6.13 is a guide to the eye at a constant
value of 7.3 × 1013cm−3. However, the sum with E150Ti, drawn as the blue line, exhibits a
change in concentration between one and two µm.
Concentration depth proﬁles recorded for all peaks after a hydrogen plasma treatment at
100 ◦C are presented in Fig. 6.14. The sum of the Ti and H related peaks E40'Ti, E170Ti,
E170'Ti, and E260Ti with E40Ti drops towards the surface of the sample. This is consistent
with the presence of an electrically inactive TiH-species.
Figure 6.15 shows the concentration depth proﬁles of E150Ti, E40Ti, and E40'Ti together
with a sum over E40Ti and E40'Ti. The sum of these two peaks matches the proﬁle of E150Ti
very well both in samples after etching and after hydrogen plasma treatment.
Annealing All hydrogen related peaks disappear after annealing the samples at 250 ◦C.
The Ti peaks E40Ti and E150Ti are stable up to temperatures around 900 ◦C. Figure 6.16
shows the depth proﬁles of E40 and E150 taken after a heat treatment at 300 ◦C to destroy
the hydrogen complexes and after a 1 h heat treatment at 850 ◦C. As expected, annealing at
300 ◦C has no inﬂuence on the total Ti concentration in the sample, and the proﬁle observed
is ﬂat. After annealing the sample at 850 ◦C, however, the Ti concentration in the sample is
reduced. Moreover, it drops towards the surface, which might be due to an out-diﬀusion of
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Figure 6.15: Concentration depth proﬁles of E40Ti, E40'Ti, and E150Ti in a hydrogen-plasma treated
(left) and a wet-chemically etched (right) sample. The solid red line depicts the summed-up con-
centration of E40Ti and E40'Ti.
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Figure 6.16: Depth proﬁle of the Ti levels E40Ti and E150Ti observed in n-type samples after
annealing at 300 ◦C (full symbols) and 850 ◦C (open symbols).
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Ti in the sample. It is also interesting to note that the concentrations of E40Ti and E150Ti
do not exactly match in the region close to the surface. This diﬀerence can consistently be
observed after high temperature annealing.
6.3 Discussion
The three Ti levels E40Ti, E150Ti, and H180Ti are generally assigned in the literature to
the single acceptor, the single donor, and the double donor level of interstitial Ti (Tii),
respectively.[8083] The data presented here reveal some inconsistencies in this model, namely
the shift of the emission rates in an electric ﬁeld and the diﬀerences in the concentration
proﬁles close to the surface.
Foremost is the emission rate behavior of E40Ti and E150Ti in the presence of an applied
electric ﬁeld. Since E40Ti is assigned in the literature to an acceptor level in n-type Si,
one would expect it to show no dependence on the electric ﬁeld, whereas E150Ti as a donor
level should exhibit the Poole-Frenkel eﬀect. However, E40Ti does show an electric ﬁeld
dependence, and E150Ti does not, as can be seen in Figs. 6.8 and 6.10. The charge states
inferred from this behavior would be the donor level for E40Ti and the acceptor level for
E150Ti. However, if both peaks belong to the same defect, this would result in a negative-U
ordering, which is not likely for Ti in silicon [27].
It should be noted that the presence of an electric ﬁeld dependence of E40Ti is in dis-
agreement with the results of Mathiot and Hocine, who could not detect a shift of the
emission rate of E40Ti.[83] Furthermore, they report a small shift of E150Ti with applied
electric ﬁeld, and attribute the reduced dependence to a small energy barrier for electron
capture of about 20 meV.[83] However, no capture barrier for E150Ti could be found in
the samples investigated here. Also, the small shift of E150Ti reported by Mathiot and
Hocine could be due to a superposition of E150Ti with E170Ti and E170'Ti, which cannot be
resolved by conventional DLTS. A change of the measurement parameters can lead to a shift
of probed volume and thus to a diﬀerence in the peak ratios. This results in a shift of the
combined DLTS peak maximum. Also, since both E170Ti and E170'Ti show a dependence
of their emission rate on the electric ﬁeld, the combined DLTS peak E150Ti + E170Ti +
E170'Ti will also show a small ﬁeld dependence.
The second discrepancy between the results presented in this work and the literature
model for Tii in silicon is observed in the depth proﬁles of E40Ti and E150Ti close to the
surface. Depth proﬁles after annealing the samples at temperatures around 800 ◦C to 950 ◦C
show a slight diﬀerence in the concentrations of E40Ti and E150Ti (see Fig. 6.16). Also,
after hydrogenation, E150Ti has higher concentrations close to the surface than E40Ti (see
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Figs. 6.12, 6.13 and 6.14). This is consistent with the charge state assignment made above,
as hydrogen is negatively charged in n-type silicon.[46, 85] Then, a reaction of hydrogen
with the positively charged E40Ti is more likely to occur than with the neutral E150Ti. It
should be noted, though, that the diﬀerence in the concentration depth proﬁle of E40Ti and
E150Ti after hydrogenation could also be explained by the possible presence of a further
DLTS peak which could not be resolved from E150Ti. This idea is supported by the depth
proﬁles presented in Fig. 6.15, where the sum of E40Ti and E40'Ti is similar to the proﬁle of
E150Ti.
Furthermore, the concentration diﬀerences observed here only happen in regions of a few
hundred nm. Measurements in the bulk, regardless of the treatment of the samples, show
consistently equal concentrations of E40Ti and E150Ti. This is in agreement with the results
presented in the literature.[83, 86] If the two peaks would belong to two diﬀerent defects,
diﬀerent bulk concentrations should be achievable.
The introduction of hydrogen into Ti-containing samples results in the appearance of
several additional peaks, E40'Ti, E170Ti, E170'Ti, E260Ti, and E260C.
E260C appears only after hydrogen plasma treatment. It is unrelated to titanium but is
identical to the peak observed in metal-free samples. Its properties are discussed in detail
in Chap. 5. The presence of E260C also explains why the intensity of E260 observed in the
DLTS spectra after plasma hydrogenation is signiﬁcantly larger than that of the Ti peaks.
The electrical properties of E170Ti and E260Ti were previously reported in Refs. [31,
84] where the defects were attributed to TiH-related defects. This assignment to TiH-
related defects is also consistent with my observations. E170Ti and E260Ti appear after
hydrogenation of the samples in the region close to the surface and no traces of the peak
were observed deeper than 6 µm. In addition, their intensity is reversely correlated with
that of interstitial Ti (E40Ti) and increases with higher H content in the samples. Therefore,
these peaks can be correlated with TiH-related defects. Similar conclusions can be drawn
about the origin of E40'Ti and E170'Ti. The relatively low thermal stability of the defects is
in good agreement with this assignment.
As mentioned above, the slope of the concentration proﬁles was found to be identical
for E40'Ti and E170Ti whereas it was twice as steep for E170'Ti and three times as steep
for E260Ti. Therefore, E170'Ti contains twice and E260Ti three times more hydrogen atoms
than E40'Ti and E170Ti. One should also notice that an equal number of hydrogen atoms
does not necessarily signify that E40'Ti and E170Ti belong to diﬀerent charge states of the
same defect. In support of this idea, diﬀerent depth proﬁles (see Fig. 6.12) conﬁrm that
E40'Ti and E170Ti originate from diﬀerent defects in spite of the equal number of hydrogen
atoms in their structure.
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It seems very likely that E40'Ti, E170Ti, E170'Ti, and E260Ti contain only one Ti atom.
Evidence for this model is given by the constant sum over the concentrations of E40Ti, E40'Ti,
E170Ti, E170'Ti, and E260Ti presented in Fig. 6.12. Another argument against the formation
of an electrically active TiyHx complex with two or more Ti atoms is the Tii concentration
of only about 1014 cm−3 in these samples. At this low concentration, only a very small
probability to form TiyHx complexes with y > 1 exists and no evidences of the presence of
such complexes were previously found in the literature.
Therefore, E40'Ti and E170Ti are assigned to TiH defects while E170'Ti and E260Ti are
attributed to a TiH2 and a TiH3 complex, respectively. The enhancement of the emission
rates on the electric ﬁeld (Figs. 6.9 and 6.10) allows the conclusion that the minor TiH-related
peaks E40'Ti, E170Ti, and E170'Ti are single donors.
As mentioned in the introduction, two diﬀerent conﬁgurations of the TiiH complex and
one conﬁguration of the TisH complex were predicted to be stable in Si.[27] It seems therefore
reasonable to attribute E40'Ti to the single donor level of TiiH and E170 to the single donor
level of TiiHBC. TisH can be excluded, since the summed up concentrations match very
well with E40Ti (Tii). Also, Tis should exhibit acceptor levels in the upper half of the band
gap,[27] whereas E40'Ti and E170Ti are donor levels. The assignment of E40'Ti and E170Ti to
two diﬀerent charge states of only one TiH conﬁguration, as proposed by Santos et al.[28], is
inconsistent with both the diﬀerent depth proﬁles of these defects and their identical charge
state.
Furthermore, E170'Ti is assigned to the single donor state of the TiH2 defect. The presence
of the TiH2 defect is inconsistent with the results of ab-initio calculations where the formation
of TiH2 was predicted to be energetically less favorable than that of H2 molecules.[27] The
interaction between Ti and H in Ref. [27] was assumed to be in the neutral charge state for
both species. However, this condition is not realized in the present study. Using capacitance
studies, Herring et al. [46] and K. Bonde Nielsen et al. [85] demonstrated that isolated
hydrogen should be negatively charged at and slightly above room temperature in n-type Si.
The stability of negatively charged H in n-type Si was also conﬁrmed by ab-initio calculations
reported in Ref. [87].
The negative charge state of hydrogen was taken into account in the calculations of San-
tos et al. which showed the presence of stable TiH2 and TiH3 complexes in n-type silicon.[28]
Their calculated level positions for TiH2 (EC - 0.50 eV) and TiH3 (EC - 0.39 eV) are in rough
agreement with the experimental results (EC - 0.38 eV and EC - 0.50 eV).
The reduction of the total electrically active defect concentration towards the surface after
hydrogen plasma treatment (see Fig. 6.14) suggests the presence of an electrically inactive
TiH-complex. In accordance with the literature, [27, 28, 31] this passive complex might be
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attributed to TiH4.
Finally, another titanium and hydrogen related defect might exist which cannot be re-
solved from E150Ti. Indications that this might be the case have been presented in Fig. 6.15.
From the sums presented there, one can assume that if such a hidden defect exists, it would
have the same concentration depth proﬁle as E40'Ti. It would therefore be a second charge
state of TiiH.
No additional TiHx-related levels were found in p-type Si. These observations are con-
sistent with those previously reported in Ref. [31]. These ﬁndings can be correlated with
the identical positive charge state of H (see Refs. [46, 85]) and Ti which lead to Coulombic
repulsion between these species. As a result, no passivation of H180Ti occurs in samples
subjected to hydrogenation. This is also in agreement with the theoretical predictions by
Santos et al., who showed a reduced stability of TiH complexes in p-type silicon.[28]
At last, I would like to comment on the results of Ref. [34]. As mentioned above, Singh
et al. reported that TiH-related complexes had not been observed after proton implantation
and the following annealing at 570 K in n-type Si.[34] In contrast, four TiH-related DLTS
peaks were detected in Figs. 6.1 to 6.6 in our samples. The observed discrepancy can
be explained by the high annealing temperature of the samples immediately after proton
implantation as reported in Ref. [34]. As mentioned above, the TiH-related defects (E40'Ti,
E170Ti, E170'Ti, and E260Ti) anneal out after the heat treatment at 520 K. Therefore, the
absence of passivation of isolated Ti in Ref. [34] can be directly correlated with the complete
dissociation of the TiHx complexes after the annealing at 570 K.
An overview of all the titanium-related levels determined in this work is given in Fig. 6.17.
The dashed lines indicate the shift of the level energies by hydrogenation.
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Figure 6.17: Overview of the electric levels of titanium and the TiH complexes in the band gap of
silicon with their charge states. The picture is to scale.
6.4 Summary
The data presented in this chapter reveal inconsistencies of the literature assignment of the
Ti levels E40Ti, E150Ti, and H180Ti to the single acceptor, the single donor, and the double
donor level of interstitial Ti (Tii). The observed behavior of the emission rate in an applied
electric ﬁeld for E40Ti and E150Ti is in contrast to these charge states. Also, concentration
diﬀerences near the surface can be observed for E40Ti and E150Ti after hydrogenation or
annealing.
After an introduction of hydrogen into the samples, four electrically active TiH-complexes
E40'Ti, E170Ti, E170'Ti, and E260Ti were detected in n-type silicon. E40'Ti and E170Ti can
be assigned to two diﬀerent conﬁgurations of Tii with one hydrogen atom, as proposed by
theory.[27] They are attributed to TiiH (E40') and TiiHBC (E170Ti). Possibly, a second level
of TiiH exists which cannot clearly be resolved from E150Ti.
The other defects are assigned to TiH2 (E170'Ti) and TiH3 (E260Ti). Additionally, in
accordance with previous results [31] and theory [27, 28], a passive complex, probably TiH4,
was concluded to exist. No TiH-related defects were observed in p-type Si.
Chapter 7
Cobalt in silicon
This chapter focuses on cobalt in silicon and its interaction with hydrogen. The results of
previous studies on the electrical properties of cobalt are controversial. With the results
presented here, the assignment of the cobalt-related peaks is reconsidered.
7.1 Introduction
Cobalt was shown to introduce a deep acceptor in silicon at about EC - 0.4 eV (E200Co)
[29, 8890] whereas diﬀerent donor levels of Co were reported at EV + 0.21 eV [89, 90] and
at EV + 0.4 eV (H240Co) [30, 88]. Kitagawa tentatively assigned the acceptor level at
EC - 0.4 eV and the donor level at EV + 0.21 eV to substitutional cobalt.[12] In contrast,
Scheibe and Schröter showed that substitutional cobalt does not introduce electrically
active levels in the band gap from EV + 0.1 eV to EV + 0.5 eV.[91] The authors assigned the
levels in the lower half of the band gap to defect complexes formed during the quenching of
the sample.
Only about 0.1% of the total dissolved cobalt in silicon was found to be electrically
active.[11, 12] Most of these electrically active species were assigned to substitutional
cobalt.[12, 92] The annealing temperature of substitutional cobalt varies in diﬀerent
studies.[12, 92] Cobalt was shown to anneal around 400 ◦C by Bergholz et al. [92] whereas
a higher temperature of about 600 ◦C was reported by Kitagawa [12].
Zhang et al. have shown that at least in the neutral state, the formation energies for in-
terstitial and substitutional cobalt are very close, with a preference for the interstitial site.[93]
Using spin-unrestricted self-consistent electronic and magnetic Green-function calculations,
Beeler et al. also suggested that both interstitial and substitutional Co species should
be present in Si.[94] In agreement with the results of the theoretical calculations, Lemke
and Irmscher assigned two defect levels with the activation energies of EV + 0.31 eV and
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EC - 0.4 eV to the donor and acceptor states of interstitial Coi in addition to the substitu-
tional Cos levels at EV + 0.4 eV and EC - 0.4 eV.[95] However, direct evidence for interstitial
Coi is missing. The positions of the single acceptor and single donor levels of Cos found by
Lemke and Irmscher are in good agreement with those reported in Refs. [29, 30, 88].
In contrast to Ref. [95], other studies suggested interstitial cobalt to be unstable at
room temperature.[92] Using combined Mössbauer spectroscopy and transmission electron
microscopy cobalt was also shown to precipitate into CoSi2 particels during quenching.[96]
Interstitial cobalt reacts with shallow acceptors forming cobalt-acceptor pairs. Boron,
aluminum, and gallium pairs were reported by Bergholz and Schröter.[97] The presence
of the CoB pair was also conﬁrmed in p-type Si by Scheibe and Schröter.[91] It was
shown to be stable up to temperatures slightly below 150 ◦C.[91, 97] These ﬁndings were
also supported by Mathiot and by Lemke and Irmscher.[95, 98] The energy level of the
CoB pair was tentatively proposed to be at EC - 0.08 eV.[95]
In addition, Co reacts with hydrogen forming CoHx complexes. A number of CoH-related
complexes were reported by Jost et al.[29, 30] and also Lemke and Irmscher [95]. Six
diﬀerent hydrogen-related complexes (E60, E90, E120, E140, E175, and E200) were observed
after wet chemical etching or remote H-plasma treatment in n-type Si whereas only three
levels (H50, H90, and H150) were detected in p-type Si.
7.2 Results
DLTS Figure 7.1 shows DLTS spectra recorded on n- (a) and p-type (b) silicon inten-
tionally doped with cobalt after wet-chemical etching. The dotted spectra are measured
close to the surface, while the full-drawn spectra are measured deeper in the bulk. Three
prominent peaks E90C, E140Co, and E200Co can be observed in the n-type material, whereas
one dominant peak H240 and one weak peak H160 are present in p-type material. In order
to determine the electrical characteristics of these defects, the Laplace DLTS technique was
applied.
After H-plasma treatment, the DLTS spectra diﬀer from those recorded in the etched
samples. Figure 7.2 shows the DLTS spectra of n-type silicon. Two diﬀerent probing regions
are shown: close to the surface (dotted line) and deeper in the bulk (full-drawn line). The
DLTS spectrum recorded close to the surface shows no signal from E200Co, but E140Co and
E90C are still visible. Two new peaks, which were not seen in the etched samples, are also
present: a dominant peak at 260K (E260C) and a small peak around 45K (E45C). These two
peaks are identical to E45C and E260C observed in metal-free silicon presented in Chap. 5. In
the bulk, E45C, E90C, and E260C are no longer visible. Instead, E200Co reappears. E140Co
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Figure 7.1: DLTS spectra of (a) n-type and (b) p-type Co-doped silicon after wet-chemical etching.
The full-drawn lines show spectra measured in the bulk of the sample (VR = −8 V and VP = −4 V),
the dotted lines show spectra measured close to the surface (VR = −2 V and VP = 0 V). The spectra
were recorded with a ﬁlling pulse width of 1 ms and a rate window of 47 s−1.
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Figure 7.2: DLTS spectra recorded in H-plasma treated n-type silicon doped with cobalt. The dotted
lines show the region close to the surface measured with the measurement parameters VR = −2V
and VP = 0V and the full-drawn lines show the region deeper in the bulk measured with VR = −8V
and VP = −4V. The spectra were taken with a ﬁlling pulse width of 1 ms and a rate window of
47 s−1.
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Figure 7.3: DLTS spectra recorded in Co-doped p-type silicon (a) after H-plasma treatment and
(b) after reverse bias annealing at 400 K and -5 V (shifted for clarity). The dotted lines show the
region close to the surface measured with VR = −2V and VP = 0V and the full-drawn lines show
the region deeper in the bulk measured with VR = −8V and VP = −4V. All spectra were taken
with a ﬁlling pulse width of 1 ms and a rate window of 47 s−1.
is still observed.
The DLTS spectra of p-type silicon after hydrogen plasma treatment are presented in
Fig. 7.3 (a). Spectra of etched p-type silicon after reverse bias annealing (RBA) at 400 K
with an applied reverse bias of -5 V are also shown (Fig. 7.3 (b) ). In both samples, an
increase of the intensity of H160 is observed with respect to the etched samples. After RBA,
H240Co is only detected deeper in the bulk. In some samples treated with hydrogen plasma
or RBA, an additional peak H50 is observed.
Laplace DLTS Laplace DLTS spectra recorded in n-type silicon are shown in Fig. 7.4.
E200Co, which appears as one peak in the DLTS spectrum, consists in fact of two closely
spaced Laplace DLTS peaks labeled E200Co and E200'Co. This is in good agreement with
the assumptions made in Ref. [95]. In contrast, only one sharp peak was observed for E90C
and E140Co. No additional Laplace DLTS peaks were observed in p-type silicon, where both
H240Co and H160 appear as single peaks in the Laplace DLTS spectrum.
Arrhenius plot The Arrhenius plots for all peaks are shown in Fig. 7.5. The activation
energies Ena and apparent capture cross sections σna result from applying Eq. 2.12 and
Cobalt in silicon 67
10 100 1000 10000
 
Emission rate (s-1)
95K
E90CL D
L T
S  
s i g
n a
l  ( a
r b .
 u n
i t s
)
140K
E140Co
 
n-Si:Co
210K
E200Co
E200’Co
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Figure 7.5: Arrhenius plot of all Co-related levels in n- (blue) and p-type (red) silicon.
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label Ena (eV) σna (cm2) assignment
E200Co - 0.39 8.7× 10−16 Cos (-/0)
E200'Co - 0.35 3.7× 10−16 CosH (-/0)
E140Co - 0.29 1.1× 10−14 CosH2 (-/0)
H240Co + 0.46 9.6× 10−16 CoB (-/0)
H160 + 0.38 1.6× 10−14 H-related (-/0)
Table 7.1: Activation energies, apparent capture cross sections, and assignment for all defects seen
in n- and p-type silicon.
are summarized in Table 7.1 together with the defect assignment, which is argued in the
discussion.
Electric ﬁeld dependence In order to determine the charge state of the defects, the
behavior of their emission rates as a function of the electric ﬁeld was investigated. The
emission rate of all four defects E90C, E140Co, E200Co, and E200'Co detected in n-type
silicon is constant with the electric ﬁeld. This indicates that the defects are single acceptors
which are neutral before they capture an electron. In contrast to these observations, a weak
ﬁeld dependence was reported for E200Co by Jost et al. [29] This inconsistence can be
explained by the fact that the conventional DLTS technique cannot resolve properly E200Co
and E200'Co. In Ref. [29] the authors varied the reverse bias while keeping the ﬁlling
pulse constant. In this case, applying higher reverse bias to a diode increases not only the
electric ﬁeld in the depletion region, but it also shifts the probed region deeper into the bulk.
As shown below (Fig. 7.7), the ratio between E200Co and E200'Co changes dramatically if
diﬀerent regions are probed. Then the maximum of the DLTS peak consisting of E200Co
and E200'Co also shifts since the activation energies of E200Co and E200'Co are diﬀerent.
H240Co and H160 show an enhancement of their emission rates with increasing electric
ﬁeld applied to the diode. Figure 7.6 gives the emission rates of these defects recorded as a
function of the square root of the electric ﬁeld. The solid lines ﬁt the experimental data with
a ﬁxed slope calculated by the Hartke model (Eq. 2.24), whereas the dotted lines show the
1D-Poole-Frenkel eﬀect (Eq. 2.23). Therefore H160 and H240Co are assigned to single
acceptors.
Depth proﬁles The depth proﬁles of the defects in n-type silicon are shown in Fig. 7.7.
The proﬁle of the hydrogen passivated phosphorous donor [25] is also added to this ﬁgure.
The local variation of the PH concentration is calculated from the CV -proﬁles as the diﬀer-
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Figure 7.6: Emission rates of H240Co (N) and H160 () versus the square root of the electric ﬁeld.
The solid lines show a ﬁt of the experimental points with the Hartke model (see Eq. 2.24).
ence between the bulk and local free carrier concentration. As shown in Fig. 7.7 three of the
four defects, E90C, E140Co, and E200'Co, can be detected in the region of 2-12 µm and their
concentration is signiﬁcantly reduced when probing deeper in the bulk. In contrast, E200Co
shows the opposite behavior. It appears only at a depth of several µm and its concentration
increases towards the bulk. E200Co and E200'Co are correlated in the way that the concen-
tration of E200'Co increases in the region where the concentration of E200Co decreases and
vice-versa. The concentration of E90C, E140Co, and E200'Co increases when more hydrogen
is introduced into the sample and can therefore be attributed to hydrogen-related defects.
The depth proﬁles in Fig. 7.7 were analyzed by comparing the slopes of the concentration
tails, as described in Sec. 2.4. This analysis shows that the tails of the hydrogen passivated
phosphorous donors PH and of the defects E90C and E200'Co have identical slopes, whereas
the slope of E140Co is twice as steep. E140Co contains therefore twice as much hydrogen as
PH, E90C, and E200'Co.
The measured depth proﬁles of the peaks E90C, E140Co, E200Co, and E200'Co after hy-
drogen plasma treatment are shown in Fig. 7.8. Only E90C is observed close to the surface.
All other defects appear only deeper in the bulk. This implies a total passivation of these
defects by hydrogen close to the surface.
The depth proﬁles of the hole traps obtained in p-type silicon is shown in Fig. 7.9. In
addition, the concentration of the passivated boron acceptors (BH) is plotted as a function
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Figure 7.7: Depth proﬁles of the defects obsesrved in Co-doped n-type silicon. The concentration
of the passivated phosphorous donors PH is also presented. The solid lines show the ﬁt of the
reduction in concentration of the corresponding defects.
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Figure 7.8: Depth proﬁle of the defects seen in Co-doped n-type silicon after plasma hydrogenation.
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Figure 7.9: Depth proﬁle of the defects observed in Co-doped p-type silicon after etching (closed
symbols) and after additional reverse bias annealing (RBA) at 400 K for 20 minutes with -5 V (open
symbols). The concentration of the passivated boron acceptors (BH) is also presented.
of depth in the depletion region. The concentration of BH was determined in the same way
as that of the passivated shallow donors in Fig. 7.7. Directly after etching, the concentration
of H240Co remains constant throughout the depletion region, whereas H160 is present only
close to the surface. The concentration of H160 is about one order of magnitude lower than
the bulk concentration of H240Co.
After an additional RBA of 20 minutes at 400 K with an applied reverse bias of
VR = −5 V, H240Co is not observed near the surface. It appears only for depths below
1.8 µm. H160 has a maximum around 2 µm and still has a concentration of about one order
of magnitude smaller than H240Co.
Hydrogen is known to be positively charged in p-type silicon independently on the position
of the Fermi level.[46] During RBA at 400 K, complexes of hydrogen with shallow acceptors
are destroyed and free hydrogen located close to the surface drifts in the electric ﬁeld towards
the bulk.[99] There it can bind with shallow acceptors or other crystal imperfections. The
depth proﬁle of H160 observed after RBA matches this scenario. During RBA H160 is
destroyed near the surface. After the drift of free hydrogen it is formed again deeper in the
bulk.
Similarly, after the RBA at 400 K H240 was not observed in the DLTS spectrum at depths
below 1.8 µm (see open symbols in Fig. 7.9). This can be interpreted as the drift of positively
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Figure 7.10: MCTS spectrum recorded in Co-doped n-type silicon compared with the DLTS spec-
trum in Co-doped p-type silicon (same as Fig. 7.1). The black line marks zero. The MCTS spectrum
was recorded with the following parameters: VR = −2V, laser pulse width = 1 ms, rate window =
50 s−1.
charged constituents of the H240Co defect towards the bulk of the sample followed by a
capture of immobile defects. However, it can be ruled out that H240Co is a hydrogen-related
defect since its concentration does not scale with the hydrogen content in the H-plasma
treated or etched sample.
MCTS In order to check whether the traps in n-type are also present in the p-type material
and vice versa, MCTS measurements were performed in both n- and p-type silicon. The
results of these measurements are presented in Figs. 7.10 and 7.11. In n-type silicon we
have not found any traces of H240Co in the MCTS spectra. This observation supports that
this peak is not correlated with Cos. In the MCTS spectrum of p-type silicon, E200Co is
dominant. The presence of this peak in the p-type material indicates that this defect is not
correlated with shallow donors and is present in all samples doped with Co. Due to technical
limitations, E200Co and E200'Co could not be resolved in the MCTS spectra.
Annealing The thermal stability of the defects was investigated by isochronal annealing
steps of 20 min duration. Figure 7.12 shows the normalized concentrations of all observed
defects versus the annealing temperature. The hole traps disappear after annealing at 150 ◦C
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Figure 7.11: MCTS spectrum recorded in Co-doped p-type silicon compared with the DLTS spec-
trum in Co-doped n-type silicon (same as Fig. 7.1). The black line marks zero. The MCTS spectrum
was recorded with the following parameters: VR = −4V, laser pulse width = 1 ms, rate window =
50 s−1.
whereas the electron traps are more stable. The concentration of H160 increases by a factor
of 2 at about 100 ◦C. This observation is consistent with that reported for Coi in Ref. [95]
and therefore these peaks seem to belong to the same defect. The annealing temperature of
E90C was found to be below 100 ◦C (not shown in Fig. 7.12). E200'Co and E140Co anneal out
at temperatures around 300 ◦C, whereas E200Co remains present in the samples up to 600 ◦C.
E200'Co doubles in concentration right before annealing out. The concentration of E200Co
starts to drop for temperatures higher than 150 ◦C but does not disappear until annealing
at 600 ◦C.
To illustrate the behavior of E200Co and E200'Co in more detail, the depth proﬁles of
E200Co and E200'Co are shown in Fig. 7.13 directly after etching and after subsequent an-
nealing at 250 ◦C. Initially, the concentration of E200Co is high in the bulk and drops towards
the surface. E200'Co is located closer to the surface and its concentration drops towards the
bulk. After annealing, E200Co is pushed further into the bulk. E200'Co has increased in
concentration and its maximum has shifted towards the bulk.
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lines) and after subsequent annealing at 250 ◦C (dotted lines).
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7.3 Discussion
First, the origin of the peaks previously assigned to Cos, E200Co and H240Co, is discussed.
The data presented above rule out that these peaks are two diﬀerent charge states of the
same defect. Both peaks were shown to belong to single acceptors. The diﬀerent annealing
behavior of H240Co and E200Co, 150 ◦C and 700 ◦C, respectively, further supports the as-
signment to two diﬀerent defects. Finally, the absence of H240Co in the MCTS spectrum in
n-type silicon is clear evidence against both peaks belonging to the same defect.
In agreement with previous studies, E200Co is assigned to the single acceptor state of
Cos. The annealing temperature of this defect is consistent with that of Cos as reported in
Ref. [12]. In addition, this defect was observed with DLTS and MCTS in n- and p-type
silicon, respectively, and it appears only in Co-doped samples.
Since H240Co was shown to belong to a diﬀerent defect, no other DLTS level which could
be correlated with the donor charge state of Cos was observed. This indicates that Cos has
only an acceptor level in the band gap of silicon or the donor level is too shallow to be
observed. The absence of the donor level is in good agreement with the results reported
by Scheibe and Schröter.[91] These authors detected substitutional cobalt by means
of Mössbauer spectroscopy but could not observe Cos-related levels by DLTS in the lower
half of the band gap.[91] The observed results also agree well with the data published in
Refs. [30, 88].
In contrast to the results of Ref. [95] no deep levels which could be correlated with Coi in
silicon were found. Lemke and Irmscher suggested that Coi introduces two levels in the
band gap of silicon with electrical properties similar to E200'Co and H160. These two defects
were shown above to be related to hydrogen. In the depth proﬁles, E200'Co and H160 are
located close to the surface, and their intensity correlates with the amount of hydrogen in the
sample. In addition, the annealing temperature of these defects was shown to be diﬀerent.
Both E200'Co and H160 are acceptor-like defects. These observations exclude that E200'Co
and H160 belong to diﬀerent charge states of the same defect. Therefore, Coi seems to be
either not electrically active in silicon or, what is even more likely, Coi is instable at room
temperature due to its high mobility.[92]
If H240Co is not the donor state of Cos, the question of the origin of this peak needs to
be addressed. It seems reasonable to assign H240Co to the single acceptor state of the CoB
pair due to the following arguments. H240Co peak cannot be detected by MCTS in n-type
silicon since boron is not present there. The annealing temperature of H240Co is similar to
that reported by Bergholz[97] and by Scheibe and Schröter[91] for the CoB pair.
In addition, the RBA experiments show that H240Co consists of positively charged mobile
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defects which drift in the electric ﬁeld at about 125 ◦C and which are not correlated with
hydrogen. As mentioned above, Coi was shown to be highly mobile at 125 ◦C,[92] which
makes Coi a conceivable constituent of the H240 defect. If this complex is destroyed, Coi
drifts in the electric ﬁeld towards the bulk where it is again captured by immobile boron.
A number of hydrogen-related defects was also found in both n- and p-type silicon. E90C
can be identiﬁed as the CH complex CH1BC . Its properties match those reported in the
literature and presented in Chap. 5.
The number of hydrogen atoms involved in the complexes were determined from the slopes
of the depth proﬁles. The slope of E200'Co is identical to that of E90C and the PH complex.
E200'Co is therefore a complex which contains only one hydrogen atom. Since the slope of
E140Co is twice as steep as those of E90C, E200'Co, and PH, it can be attributed to a complex
with two hydrogen atoms.
The concentration of E140Co and E200'Co is inversely proportional to E200Co, which is
assigned to Cos. Therefore, E200'Co and E140Co can be identiﬁed as substitutional cobalt
with one and two hydrogen atoms, respectively.
H160 seems to be not a cobalt related defect and is rather correlated with a complex of
hydrogen and an impurity unintentionally introduced during growth. The involvement of
hydrogen follows from the increased peak amplitude after hydrogen plasma treatment and
after RBA (see Fig. 7.3). Its concentration is about one order of magnitude lower than that
of H240Co and no correlation could be found between these defects before and after RBA.
Therefore, one can conclude that the intensity of H160 is limited by the concentration of
another component involved into this defect.
Similarly, H50 appears in p-samples after plasma hydrogenation or RBA treatment. How-
ever, this peak is not always reproducible and therefore most likely belongs to a complex of
hydrogen with an unintentionally introduced impurity.
At last, the depth proﬁles recorded in hydrogenated n-type samples show the reduction of
E140Co, E200'Co, and E200Co towards the surface. Hydrogen plasma treated n-type samples
even exhibit a total absence of cobalt-related peaks near the surface (see Fig. 7.8). The
passivation of Co-related defects suggests the presence of CoH-related complexes with more
than two hydrogen atoms which are electrically inactive. One can speculate that these
complexes might consist of three or four hydrogen atoms bound to a Co atom.
Figure 7.14 shows an overview of the levels of cobalt, the cobalt-boron pair, and the
cobalt-hydrogen complexes in the band gap of silicon composed from the results of this
work. The dashed lines indicate the shift of the levels with hydrogenation.
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Figure 7.14: Overview of the electric levels of cobalt, the CoB pair, and the CoH complexes in the
band gap of silicon with their charge states. The picture is to scale.
7.4 Summary
Substitutional Cos introduces only a single acceptor level into the upper half of the band
gap of silicon. No electrically active levels which can be correlated with interstitial Coi
were observed. The CoB pair can be detected as a deep level with an activation energy of
EV + 0.4 eV.
After hydrogenation, Cos was found to react with hydrogen forming CosH-related defects.
Using the Laplace DLTS technique, the two deep levels E200'Co and E140Co observed in the
upper half of the band gap were concluded to belong to CosH and CosH2 defects, respectively.
Besides the deep levels, the presence of electrically inactive CosH complexes was detected.
The level H160 observed in p-type silicon after hydrogenation is assigned to a hydrogen
complex with an unintentionally introduced impurity.

Chapter 8
Nickel in silicon
This chapter treats the electrical properties of nickel in silicon and its hydrogen complexes.
Diﬀerent annealing properties in n- and p-type silicon are discussed. From the wealth of
hydrogen-related DLTS peaks reported in Ni-doped silicon, four levels belonging to NiHx
complexes can be identiﬁed.
8.1 Introduction
Only a small part of the total Ni concentration is electrically active.[12] Two deep lev-
els have been shown by Hall measurements at EV + (0.18-0.25) eV and EC - 0.35 eV.[100]
These levels correspond quite well to DLTS results, which show a donor level of nickel at
EV + (0.15-0.18) eV (H80Ni) and an acceptor level at EC - (0.38-0.47) eV (E230Ni).[101105]
In addition, a third level with an activation energy of EC - 0.08 eV (E45Ni) was reported,
which was assigned to the double acceptor of nickel.[32, 104]
The electrically active species is assigned to substitutional nickel.[11, 12, 102, 106] EPR
measurements conﬁrm this assignment.[106] This is also in agreement with theoretical cal-
culations, which predict three levels in the band gap for substitutional nickel but no levels
for interstitial nickel.[107]
Besides the dominant DLTS peaks assigned to nickel, a number of additional peaks were
observed [32, 101104, 108]. While they are labeled diﬀerently in the various publications,
they are summarized here with the notation used in this work. In n-type silicon, E90Ni,
E150Ni, and E270Ni are commonly observed. [32, 101104] In p-type samples, H280Ni, H240Ni
and H150Ni were often detected.[32, 101104, 108] Some publications also report on H50Ni
and H190Ni.[32, 104]
Of these peaks, E90Ni,E270Ni,H280Ni,H240Ni, and H190Ni were assigned to NiH complexes.[32,
104] The peaks H50Ni, H150Ni, and E150Ni were assigned to unknown nickel-hydrogen related
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complexes. Calculations of the nickel-hydrogen interactions by Jones et al. suggest that
NiH2 creates one level around midgap. The hydrogen atoms were proposed to be located in
the anti-bonding position.[33] Recent calculations by Backlund and Estreicher yield
a stable NiH complex with four electrically active levels in the band gap.[27] There is good
agreement with Jones et al. on the NiH2 complex, which was also found to be stable in
silicon with one level in the band gap at EC - 0.24 eV.[27] However, the location of the hy-
drogen atoms at the anti-bonding position was refuted and instead a direct binding to nickel
proposed. In addition, calculations show that a reaction of NiH2 with another hydrogen
atom leads to a removal of Ni from the substitutional site and to a partially hydrogenated
vacancy, VH3.[27]
8.2 Results
DLTS The DLTS spectra of wet-chemically etched samples doped with nickel during
growth are presented in Fig. 8.1. Figure 8.1 (a) shows the spectra taken in n-type sam-
ples, while Fig. 8.1 (b) shows the spectra in p-type samples. In the bulk (full-drawn lines),
the peaks E45Ni, E230Ni, and H80Ni are dominant. Close to the surface (dotted lines), the
additional peaks E90, E270Ni, H150Ni, H240Ni, and H280Ni are detected.
The DLTS spectra of nitrogen-doped (see Chap. 4) n-type samples are presented in Fig. 8.2
with (solid lines) and without (dotted lines) in-diﬀused nickel on both (a) polished and (b)
wet-chemically etched samples. E45Ni and E230Ni are dominant in the nickel-containing
samples and are not present in the samples without nickel. After etching, the additional
peaks E90 and E270Ni appear in the nickel in-diﬀused samples. In nitrogen doped samples
without nickel, a peak E190N is observed. After etching, the additional peaks E120N and
E90C appear. The peak position of E90C is slightly shifted compared to E90 observed in the
samples containing nickel.
Figure 8.3 shows the DLTS spectra of nitrogen-doped p-type samples in-diﬀused with
nickel (solid lines) and for comparison spectra of the samples only doped with nitrogen
(dotted lines). H80Ni is the dominant peak in the nickel-containing samples. After etching
(Fig. 8.3 (b)), the peaks H150Ni, H240Ni, and H270Ni appear as in samples doped during
growth (compare Fig. 8.1). Only one peak H300N is detected in samples without nickel.
Since E190N, E120N, and H300N do not appear in nitrogen-doped samples containing
nickel, a correlation to nickel can be excluded. DLTS peaks with similar properties as
E190N and H300N have been reported previously in Refs. [109, 110]. They are attributed to
nitrogen-related defects.[71, 109, 110] E120N appears only after wet-chemical etching, and its
intensity correlates with E190N. It is therefore tentatively attributed to a nitrogen-hydrogen
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Figure 8.1: DLTS spectra of (a) n-type and (b) p-type silicon doped with nickel during growth after
wet chemical etching. The full-drawn lines show the spectra measured in the bulk of the sample
(VR = −8 V and VP = −4 V), the dotted lines show the spectra measured close to the surface
(VR = −2 V and VP = 0 V). The spectra were measured with a ﬁlling pulse width of 3 ms in n-type
Si and 1 ms in p-type Si and a rate window of 47 s−1.
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Figure 8.2: DLTS spectra of n-type silicon doped with nitrogen (dotted lines) and in-diﬀused with
nickel (solid lines). Part (a) shows the DLTS spectra on polished samples, part (b) after wet chemical
etching. Measurement parameters were VR = −2 V, VP = 0 V, ﬁlling pulse width = 3 ms, and rate
window = 47 s−1 for all spectra.
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Figure 8.3: DLTS spectra of p-type silicon doped with nitrogen (dotted lines) and in-diﬀused with
nickel (solid lines). Part (a) shows the DLTS spectra on polished samples, part (b) after wet chemical
etching. Measurement parameters were VR = −2 V, VP = 0 V, ﬁlling pulse width = 1 ms, and rate
window = 47 s−1 for all spectra.
complex.
Laplace DLTS Laplace DLTS yields that all Ni-related DLTS peaks except E90 consist
of one single Laplace DLTS peak. Two components can be resolved for E90, labeled E90C
and E90Ni, as is shown in Fig. 8.4. After annealing at 150 ◦C, only one peak (E90Ni) remains
and E90C anneals out (see Fig. 8.4).
E90C is the same in samples with and without nickel. Its properties are discussed in
Chap. 5 and can be assigned to CH1BC.
Arrhenius plot The activation enthalpies and the apparent capture cross sections of all
nickel-related peaks were determined from the Arrhenius plots shown in Figs. 8.5 and 8.6 for
n- and p-type silicon, respectively. The results are summarized in Table 8.1 together with
the defect assignment, which is argued in the discussion.
Capture cross section Direct measurements of the capture process of E45Ni at diﬀerent
temperatures are presented in Fig. 8.7, where the normalized diﬀerence between measured
and saturation peak amplitude is plotted against ﬁlling pulse width. From this plot, the sum
of the emission and capture rate can be obtained using Eq. 2.19. Since the emission rate
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Figure 8.4: Laplace DLTS spectra of n-type silicon doped with nickel after wet chemical etching
taken at 95 K. The full-drawn line shows the initial spectrum, the dotted line shows the spectrum
measured after annealing the sample at 150 ◦C for 20 minutes.
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Figure 8.5: Arrhenius plots for all Ni-related levels observed in n-type samples. The corresponding
activation enthalpies and capture cross sections are listed in Table 8.1
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Figure 8.6: Arrhenius plots for all Ni-related levels observed in p-type samples. The corresponding
activation enthalpies and capture cross sections are listed in Table 8.1
label Ena (eV) σna (cm2) assignment
E270Ni - 0.60 (2.7± 0.3)× 10−14 NiH2 (-/0)
E230Ni - 0.45 (1.4± 0.1)× 10−15 Ni (-/0)
E150Ni - 0.26 2× 10−16 Ni-related
E90Ni - 0.17 (2.2± 0.8)× 10−15 NiH (-/0)
E45Ni - 0.07 (1.2± 0.7)× 10−15 Ni (- -/-)
H280Ni + 0.58 (2± 1)× 10−14 NiH2 (-/0)
H240Ni + 0.49 (1.5± 1)× 10−14 NiH (0/+)
H190Ni + 0.46 (2± 2)× 10−11 NiH3 (-/0)
H150Ni + 0.29 (4± 1)× 10−15 Ni-H-related
H80Ni + 0.16 (1.1± 0.3)× 10−14 Ni (0/+)
Table 8.1: Activation energies, apparent capture cross sections, and assignment for all Ni-related
defects seen in n- and p-type Si. The energy and capture cross sections are mean values over
measurements on diﬀerent samples. The errors indicated for the capture cross section are the
statistical standard deviations. The statistical errors for the energies are smaller than the last digit.
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Figure 8.7: Determination of the capture rates of E45Ni at the temperatures indicated. Shown
is the logarithm of the diﬀerence of the signal amplitude at the corresponding pulse width to the
saturation amplitude, normalized to the saturation amplitude. The resulting capture rates are
shown in Table 8.2.
is known from the Laplace DLTS measurements, the capture rate can be determined. The
capture cross section is then calculated from the capture rate using Eq. 2.2a. The results
are given in Table 8.2.
The Arrhenius plot of the measured capture cross sections is shown in Fig. 8.8. From
this plot, a barrier height of Eσ = 0.030 ± 0.005 eV is determined, which is close to the
value of Eσ = (0.04-0.05) eV given in the literature.[32, 104] One should notice, however,
that in Refs. [32, 104] the time constant determined from the variation of the ﬁlling pulse
was directly taken as the capture rate. Since emission and capture rates for this defect are
comparable (see Table 8.2), ignoring the emission rate leads to an overestimation of the
capture barrier. Therefore, the results presented here can be considered as more precise
compared to Refs. [32, 104].
Besides E45Ni, also E270Ni exhibits an energy barrier for capture. From the temperature
dependence of the measured capture cross sections shown in Fig. 8.9, the barrier is calculated
as Eσ = 0.060± 0.005 eV.
Electric ﬁeld dependence Among all peaks observed in Figs. 8.1-8.4 only H190Ni exhibits
a dependence of the emission rate on the applied electric ﬁeld, which is presented in Fig. 8.10.
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Figure 8.8: Determination of the capture barrier of E45Ni. Shown are the capture rates of E45Ni as
determined from Fig. 8.7 versus the inverse temperature.
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Figure 8.9: Determination of the capture barrier of E270Ni from the directly measured capture
rates.
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T (K) e+ c (s−1) e (s−1) c (s−1) σn (cm2)
45 490± 10 120± 5 370± 15 (2.5± 0.2)× 10−18
47,5 950± 20 330± 5 620± 25 (4.0± 0.3)× 10−18
50 1810± 50 860± 10 950± 60 (6.0± 0.5)× 10−18
52,5 3450± 100 2140± 40 1310± 140 (8.0± 1.1)× 10−18
Table 8.2: Eﬀective time constant (e+ c) of the capture process of E45Ni, its emission and capture
rate e and c and the calculated capture cross section σn for diﬀerent temperatures. The time
constants were determined from Fig. 8.7.
The theoretical dependencies calculated from the 1D-Poole-Frenkel model (dotted line)
and from the Hartke model (solid line) are also plotted. The experimental data is well
described by the Hartke model. H190Ni is thus assigned to an acceptor level in p-type
silicon.
MCTS In order to determine which of the defects are present in both n- and p-type silicon,
MCTS spectra were recorded on n-type silicon samples both with nickel doped during the
growth of the crystal and with in-diﬀused nickel. In Fig. 8.11 (a), the MCTS spectrum
of the samples doped during growth is presented. For further analysis, the background,
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Figure 8.10: Emission rates of H190Ni versus the square root of the electric ﬁeld. The solid line
shows the dependence calculated by the Hartke model, the dotted line is calculated from the
1D-Poole-Frenkel model (see Sec. 2.3).
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Figure 8.11: (a) MCTS spectrum of n-type silicon doped with nickel during growth after wet
chemical etching. The background is marked with the dotted black line. In (b), the background
subtracted MCTS spectrum is shown and compared to (c) the DLTS spectrum of the p-type silicon.
Measurement conditions were VR = −2 V, VP = 0 V, ﬁlling pulse width 1 ms and a rate window of
47 s−1 for the DLTS spectrum. The MCTS spectrum was taken with VR = −4 V, laser pulse width
20 ms, laser power ∼90 mW, and a rate window of 80 s−1.
marked in black, was subtracted (Fig. 8.11 (b) ). For comparison, Fig. 8.11 (c) shows a
DLTS spectrum taken in p-type silicon doped during growth. All dominant peaks observed
in DLTS in p-type samples can be reproduced using MCTS on n-type samples. The MCTS
peaks H80Ni, H150Ni, and H190Ni appear shifted to lower temperatures compared to the
DLTS spectrum. This might be due to additional heating by the laser pulse. In contrast
to the DLTS spectrum, H150Ni is barely visible in the MCTS spectrum. H190Ni, H240Ni,
and H280Ni however are more pronounced in the MCTS spectrum compared to the DLTS
spectrum. The concentration of H190 in the DLTS spectrum can be signiﬁcantly increased
by annealing the sample at 120 ◦C (see Fig. 8.16).
The MCTS spectrum of the in-diﬀused samples is presented in Fig. 8.12. Here, H150Ni
can not be detected in the MCTS spectrum. As in the samples doped during growth,
H190Ni, H240Ni, and H280Ni are more pronounced in the MCTS spectrum than in the DLTS
spectrum. In addition, an unidentiﬁed feature appears at ∼ 100 K in the MCTS spectrum.
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Figure 8.12: (a) MCTS spectrum of n-type silicon in-diﬀused with nickel after wet-chemical etching.
The background is marked with the dotted black line. In (b), the background subtracted MCTS
spectrum is shown and compared to (c) the DLTS spectrum of the p-type silicon. Measurement
conditions were VR = −2 V, VP = 0 V, ﬁlling pulse width 1 ms and a rate window of 47 s−1 for the
DLTS spectrum. The MCTS spectrum was taken with VR = −4 V, laser pulse width 20 ms, laser
power ∼90 mW and a rate window of 80 s−1.
Depth proﬁles Figure 8.13 shows the concentration depth proﬁles of the defects observed
in n-type silicon. The concentration of E45 was corrected by the factor (c + e)/c (see
Eq. 2.18). The depth proﬁles of E45Ni and E230Ni are almost identical and drop towards the
surface. This indicates a passivation of the defects by hydrogen.
E90C, E90Ni, and E280Ni are located close to the surface. Their concentration increases
when a higher amount of hydrogen is introduced into the samples. Therefore, they can be
attributed to hydrogen-related defects. Using the method described in Sec. 2.4, one obtains
a ratio of 1:1:2 for the slopes of the reduction of concentration of E90C, E90Ni, and E280Ni.
The concentration depth proﬁles of the defects observed in p-type silicon after wet-
chemical etching are shown in Fig. 8.14. Besides the concentration of the DLTS peaks H80Ni,
H280Ni, H240Ni, and H190Ni, the concentration of the passivated boron acceptors (BH) is
also shown. It was calculated from the CV proﬁle as the diﬀerence between the measured
carrier concentration and the saturation concentration deep in the bulk. No reliable depth
proﬁle of H150Ni could be obtained, as its concentration varied between diﬀerent samples.
Since the BH-complex contains one hydrogen atom, its slope is used as a reference when
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Figure 8.13: Depth proﬁle of the defects observed in n-type Si after etching. The ﬁts to the
concentration tails and their slopes normalized to the slope of E90C are shown as solid lines.
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Figure 8.14: Depth proﬁle of the defects observed in p-type Si after etching and of the concentra-
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normalized to the slope of BH are shown as solid lines.
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Figure 8.15: The relative concentrations of the levels attributed to nickel versus the annealing
temperature.
comparing the reduction of the concentration. One then obtains a ratio of ∼1:2:3 for
H240Ni:H280Ni:H190Ni.
Annealing Figure 8.15 shows the annealing behavior of the peaks E45Ni, E230Ni, and
H80Ni. E45Ni and E230Ni follow each other closely and disappear after annealing at 300 ◦C.
H80Ni anneals at temperatures around 200 - 250 ◦C.
DLTS spectra of annealed samples are presented in Fig. 8.16. In p-type samples, annealing
at 120 ◦C increases the intensities of H190Ni, H240Ni, and H280Ni. In addition, the DLTS
peaks H50 and H100 appear in samples doped during growth. Annealing at about 200 ◦C
leads to the appearance of a broad peak around 220 K in some p-type samples. In n-type
samples, E150Ni is observed after annealing at 150 ◦C.
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Figure 8.16: DLTS spectra of nickel-doped samples after wet-chemical etching and additional an-
nealing. Part (a) shows n-type samples with nickel added during growth (blue line) and with
in-diﬀused nickel (light blue line) after 150 ◦C annealing. In (b), p-type samples are shown after
annealing at 120 ◦C, with the samples doped during growth in red and the in-diﬀused samples in
magenta. The spectra were measured with VR = −2 V, VP = 0 V, a ﬁlling pulse width of 1 ms,
and a rate window of 47 s−1.
8.3 Discussion
Three levels in the band gap of silicon are attributed to substitutional nickel: the double
acceptor level at EC - 0.07 eV (E45Ni), the acceptor level at EC - 0.45 eV (E230Ni), and the
donor level at EV + 0.15 eV (H80Ni) [100105].
The concentration proﬁles of E45Ni and E230Ni are identical in all samples, and their
annealing behavior is very similar. This is in good agreement to the literature assignment
of these peaks to two diﬀerent charge states of substitutional nickel.[100105] The small
capture cross section of E45Ni (< 10−17 cm2) is in agreement with the assignment to the
double acceptor. No ﬁeld eﬀect is visible for either E45Ni or E230Ni, but the capture barrier
of E45Ni can be responsible for suppressing the Poole-Frenkel eﬀect.[111] Therefore,
E45Ni and E230Ni can be attributed to the double and single acceptor of substitutional
nickel, respectively.
H80Ni anneals at lower temperatures than the nickel peaks in n-type silicon. However,
H80Ni was always observed in MCTS together with E45Ni and E230Ni in both in-diﬀused
samples and in samples doped during growth. In addition, H80Ni appears in the MCTS
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spectra of n-type samples even after annealing at 225 ◦C, a temperature which removes
H80Ni from p-type samples. Therefore, diﬀerent annealing pathways in n- and p-type silicon
seem more reasonable than an assignment of H80Ni to a diﬀerent defect than substitutional
nickel.
At an annealing temperature of 200 ◦C, the Fermi level lies close to midgap, so that the
charge state of nickel should be the same in both n- and p-type silicon. This makes a
diﬀerent annealing behavior of H80Ni and E45Ni/E230Ni induced by diﬀerent charge states
of substitutional nickel very unlikely. The inﬂuence of hydrogen on the annealing behavior
of these defects can also be ruled out, since no diﬀerence in the annealing behavior of H80Ni
was observed between cleaved and etched samples. Also, the hydrogen related peaks in
p-type silicon disappear at the same temperature as H80Ni and no recovery of H80Ni can be
observed.
The lower annealing temperature of H80Ni can only be explained by diﬀerent concentra-
tions of extended defects or nickel precipitates. These could modify the crystal lattice in the
neighborhood of nickel in n- and p-type silicon. Evidence for the presence of precipitates is
the appearance of a broad peak around 220K after annealing at 200 ◦C in some p-type sam-
ples. This peak is similar to those reported for NiSi2 in p-type silicon.[41] The concentration
and size of NiSi2 was shown to depend on the dislocation density [112] and is inﬂuenced by
annealing at temperatures as low as 100 ◦C [41, 112, 113]. This supports the idea that nickel
precipitation aﬀects the annealing temperature of substitutional nickel diﬀerently in n- and
p-type silicon.
After etching, a number of additional peaks appear in the DLTS spectra (see Figs. 8.1,
8.2, 8.3). Some of these peaks have been reported previously and were assigned to NiH-
complexes.[32, 104] However, the results presented here warrant a reassessment of their
origins.
The DLTS peak E90 consists of two components, as is shown in Fig. 8.4. The presence of
two components of E90 has already been suggested by Sachse.[32] However, in this work a
direct observation of the two components using Laplace DLTS was possible. The electrical
and annealing properties of E90C match well those presented in Chap. 5. It can therefore be
attributed to CH1BC . The second component E90Ni is more stable compared to E90C and
appears only in nickel-doped samples. Its concentration depends on the amount of hydrogen
inside the sample.
The slope of the concentration depth proﬁle of E90Ni is identical to that of E90C. Since
it is known that CH contains only one hydrogen atom, E90Ni can be assigned to the single
acceptor state of NiH. This is consistent with the absence of the Poole-Frenkel eﬀect.
The assignment to NiH is in disagreement with the results reported in Refs. [32, 104] where
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E90Ni was tentatively attributed to NiH2. However, in the previous works the concentration
depth proﬁles of E90C and E90Ni could not be well resolved since the conventional DLTS
technique was used. Together with relatively low nickel concentrations, this could lead to a
misinterpretation of the origin of E90Ni.
The slope of the second NiH-complex, E270Ni, shows twice the steepness of E90C, and is
therefore attributed to the single acceptor state of NiH2. This is again inconsistent with the
assignment in Refs. [32, 104]. However, as mentioned above, this can also be a result of the
comparison of depth proﬁles of E270Ni and E90Ni.
In the p-type samples, the three peaks H150Ni, H240Ni, and H280Ni appear directly after
etching in both types of samples, doped during growth and in-diﬀused (see Figs. 8.1 and
8.3). Additionally, H190Ni was observed in samples doped with nickel during growth. Among
these four peaks, H150Ni does not appear in the MCTS spectra of in-diﬀused n-type samples
(Fig. 8.12) and only in very small concentrations in the MCTS spectra of samples doped
during growth (Fig. 8.11). Furthermore, DLTS measurements on diﬀerent samples show
varying concentrations of this defect. Therefore, H150Ni is attributed to a more complex
Ni-related defect compared to the NiHx-complexes.
H190Ni was observed prominently in the MCTS spectra in all samples directly after etch-
ing. It is dominant close to the surface and diminishes quickly when measuring deeper in the
bulk. The concentration of this defect increases in p-type silicon after annealing at 120 ◦C
regardless of the method of nickel introduction. The strong increase in the DLTS spectra
after annealing can be explained by a drift of hydrogen, which is released from BH or other
H-related defects, in the intrinsic ﬁeld of the Schottky diode from the surface towards the
bulk.[20]
As mentioned above, an analysis of the depth proﬁle of H190Ni shows that this defect
contains 3 times more hydrogen atoms than the BH complex. Therefore, H190Ni is assigned
to the single acceptor state of NiH3.
The analysis of the concentration depth proﬁle of H240Ni allows to assign this defect to
NiH. The absence of the Poole-Frenkel eﬀect suggests that H240Ni belongs to a single
donor.
By comparing H280Ni and E270Ni, some similarities are apparent. E270Ni introduces a
level at about 0.54 eV below the conduction band whereas the energy position of H280Ni was
determined to about 0.58 eV above the valence band. Since the band gap of silicon should be
around 1.114 eV at room temperature, these traps have, within an experimental error, the
same position in the band gap. Both peaks are attributed to complexes with two hydrogen
atoms. It is then very likely that these peaks belong to the same defect level which can be
observed both in n- and p-type silicon. This defect is attributed to the single acceptor state
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Figure 8.17: Overview of the electric levels of nickel and the NiH complexes in the band gap of
silicon with their charge states. The picture is to scale.
of NiH2, even though no electric ﬁeld dependence of the emission rate of H280Ni has been
observed. The low amplitude of H280Ni and a weak ﬁeld dependence as obtained from the
Hartke model at these temperatures (see Sec. 2.3) might explain why no Poole-Frenkel
eﬀect could be detected.
The total nickel concentration in the bulk is higher than sum of the nickel and nickel-
hydrogen concentrations close to the surface. This suggests the existence of an electrically
inactive NiH-complex, probably NiH4, besides the electrically active levels of NiH, NiH2,
and NiH3. This is consistent with the results of Sachse.[32] Alternatively, as was predicted
by theory, the reaction of hydrogen with nickel might result in a removal of nickel from
the substitutional site and create a partially hydrogenated vacancy.[27] DLTS peaks were
reported for several vacancy-hydrogen complexes [53, 114, 115], whose presence might be
expected after passivation. However, none of these peaks could be observed in any of the
samples.
Figure 8.17 shows an overview of the levels of nickel and the nickel-hydrogen complexes
in the band gap of silicon composed from the results of this work. The dashed lines show
the shift of the level positions upon hydrogenation.
Besides the Ni- and NiH-related peaks the minor peaks E150Ni, H50, and H100 appear
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after annealing of the samples above 100 ◦C. H50 and H100 have signiﬁcantly smaller inten-
sities compared to the Ni-related peaks and therefore they can be attributed to some other
unknown impurities which are present in the material. In contrast, E150Ni appears in all
samples investigated and doped with nickel. Therefore, it can be linked with a Ni-related
defect, but its structure remains unclear.
8.4 Summary
The existence of three levels of substitutional nickel, E45Ni, E230Ni, and H80Ni, was con-
ﬁrmed. The diﬀerent annealing behavior of the peaks in n- and p-type silicon was suggested
to be caused by diﬀerent concentrations of dislocations and/or nickel precipitates. The single
acceptor and single donor states of NiH were found to introduce levels at about EC - 0.17 eV
and EV + 0.49 eV, respectively. The presence of the single acceptor states of NiH2 and NiH3
was observed in p-type silicon. These levels were found to be located close to the midgap at
about 0.58 eV and 0.46 eV above the valence band.
A total passivation of nickel by hydrogen was observed. Two possible models were pre-
sented: (i) the formation of an electrically inactive NiH4 complex or (ii) the removal of nickel
from the substitutional site and the creation of a partially hydrogenated vacancy [27]. The
absence of DLTS peaks related to vacancy-hydrogen complexes favors the ﬁrst model.
Chapter 9
Conclusion
In this thesis, a comprehensive study on the electrical properties of the three transition
metals cobalt, titanium, and nickel in silicon, and of their hydrogen complexes is presented.
Here, these metals are compared with each other and with neighboring elements from the
periodic table.
Cobalt and nickel are expected to behave similarly in silicon. They are both electrically
active in the substitutional species, and are neighbors in the periodic table (27Co and 28Ni).
Theory proposes that for a substitutional 3d -TM in a covalent semiconductor, the 3d orbital
reacts with the states of the vacancy created by the dangling bonds.[116] In this model,
increasing the amount of electrons in the d -orbital (i.e. moving along a row of the periodic
table) leads to a continuous shift of the deep levels in the band gap.
Following this idea, Fig. 9.1 shows a comparison of the levels of the substitutional species
of iron, cobalt, nickel, and copper. These four elements are neighbors in the periodic table.
The data for iron and copper is taken from Ref. [117] and Refs. [13, 118], respectively.
It should be noted that the acceptor level of substitutional iron is still under debate. The
existence of substitutional iron is known from Mössbauer spectroscopy and from channeling
data.[119, 120] Theory calculates that substitutional iron should either introduce no level in
the band gap [94, 121] or one acceptor level [107]. Experimentally, a level at EC - 0.38 eV
was tentatively attributed to substitutional iron.[117] The dominant electrical activity of
iron, however, results from interstitial iron.[9]
Iron and cobalt only exhibit one acceptor level in the band gap, whereas nickel and copper
both have a double acceptor, a single acceptor, and a donor level. The acceptor level shifts
upwards from copper towards lower d -shell occupation. Similarly, the double acceptor shifts
upwards from copper to nickel and the donor level downwards. Following this trend, one
can explain the absence of the double acceptor and single donor levels in cobalt and iron as
a crossing of the level position into the conduction and valence band, respectively.
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Figure 9.1: An overview of the substitutional levels of cobalt and nickel and their neighbors in the
periodic table, iron and copper. The data for iron was taken from Ref. [117], the data for copper
from Refs. [13, 118].
Looking at the formation of metal-acceptor pairs for these neighboring elements, the NiB
pair is missing. Iron forms the well-known FeB pair with a level at EV + 0.10 eV.[9] Studies
of the CoB and other cobalt-acceptor pairs were published previously [91, 95, 97, 98] and the
CoB pair was conﬁrmed in this work. Copper is known to create electrically inactive CuB
pairs.[122] Since the level of the TMB pair shifts upwards in the band gap of silicon from FeB
(EV + 0.10 eV [9]) to CoB (EV + 0.46 eV), the NiB pair might create a level in the upper half
of the band gap if this shift continues. This would also be consistent with the electrically
inactive CuB pair, which might have a level in the conduction band. However, attempted
MCTS measurements of p-type silicon containing nickel were unsuccessful. Future studies
might resolve this puzzle of the missing NiB pair.
Upon hydrogenation, the TM levels in the band gap are shifted, creating new electrically
active levels in the band gap. It was previously observed that the pattern of this hydrogena-
tion shift is remarkably similar within one group of the periodic table.[13, 128] Therefore,
Fig. 9.2 compares the hydrogenation patterns of cobalt and nickel within their respective
group. The data for the 4d and 5d elements is taken from the literature, namely from
Ref. [123] (Rh), Ref. [124] (Ir), Refs. [32, 125] (Pd), and Refs. [32, 126, 127] (Pt). It should
be noted that no data on p-type Ir-doped silicon could be found, so that the picture of the
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Figure 9.2: A comparison of the levels of Co and Ni and the CoH (NiH) complexes with the elements
of the same group, rhodium and iridium (below cobalt) and palladium and platinum (below nickel).
The data was taken from Ref. [123] (Rh), Ref. [124] (Ir), Refs. [32, 125] (Pd), and Refs. [32, 126, 127]
(Pt).
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iridium level in Fig. 9.2 is incomplete.
The 3d metals show quite diﬀerent patterns than the 4d and 5d metals. In part this
might be due to the fact that the renewed analysis of nickel and cobalt in silicon led to
several reassignments of the observed levels. Subjecting rhodium, iridium, palladium, and
platinum to a similarly rigorous reexamination as the one conducted here might also lead to
some changes in the level assignment.
However, it was also previously noticed that fundamental diﬀerences exist between the
3d TMs in silicon on one hand and the 4d and 5d TMs on the other hand. Beeler and
Scheffler calcualted high-spin ground states for 3d metals, whereas 4d metals have a low-
spin ground state.[129] Also, the defect states of the 4d metals are more delocalized than
those of the 3d metals, leading to a stronger binding to the silicon neighbors and a reduced
local magnetization.[129] These properties might have an inﬂuence on the hydrogenation
shift, leading to diﬀerent patterns for 3d and 4d metals in silicon.
Regardless of the diﬀerent patterns observed, one similarity within a group of the periodic
table is striking: the maximum number of hydrogen atoms in an electrically active complex is
the same. Group 10 elements form active complexes up to TMH3, whereas group 9 elements
only form complexes up to TMH2.
Titanium is located at the other end of the periodic table. In contrast to cobalt and nickel,
it is electrically active in the interstitial species. A direct comparison of the level positions is
therefore not meaningful. However, some similarities and diﬀerences are interesting to note.
In contrast to iron, cobalt, and copper, interstitial titanium does not create TiB pairs, even
though it is positively charged in p-type silicon and should be Coulomb attracted to the
negatively charged acceptors. However, titanium is a very slow diﬀuser in silicon, therefore
a drift of titanium towards the boron atoms is very unlikely.
Hydrogen reacts also with titanium, forming TiH-levels similar to the other metals. A
singular feature so far is the existence of two conﬁgurations of the TiH-defect. TiH-complexes
are absent in p-type silicon, most likely due to the Coulombic repulsion between positively
charged hydrogen and titanium.
In conclusion, several metal-hydrogen complexes could be newly identiﬁed. Through the
study of the carbon-hydrogen complexes, an erroneous assignment of their peaks to TM-H
complexes was avoided. For all three metals investigated in this thesis, cobalt, nickel, and
titanium, a total passivation by hydrogen can be achieved if the hydrogen concentration is
suﬃciently high. A comparison of the observed levels with the neighbors in the periodic
table shows a trend of the level positions for elements within a row, but diﬀerences between
3d TMs on one hand and the 4d and 5d TMs on the other hand.
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